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unique to piezoelectric ceramic compositions such as 
the piezoelectric d^^ constant, that is, a piezoelectric ce- 
ramic composition having a compound of a general for- 
mula {Llx(Ki.yNay)i J(Nbi.^,^Ta2SbJ03 where x. y. z. 
and w are In the ranges of 0<x<0.2, 0<y^1 . 0<z<0.4. and 
0<w<0.2 as a main ingredient, where the piezoelectric 



ceramic composition contains at least one metal ele- 
ment selected from (1) palladium, silver, gold, ruthe- 
nium, rhodium, rhenium, osmium, iridium, and platinum, 
(2) nickel, iron, manganese, copper, and zinc, or (3) 
magnesium, calcium, strontium, and barium as an add- 
ed element, and a method of production of the same 
and a piezoelectric element and dielectric element uti- 
lizing that piezoelectric ceramic composition. 
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Description 

BACKGROUND OF THE INVENTION 

5 1 . Field of the Invention 

[0001] The present invention relates to a piezoelectric ceramic composition of a composition not containing lead and 
a method of production of the same and to a piezoelectric element and dielectric element using the piezoelectric ceramic 
composition as materials. 

10 

2. Description of the Related Art 

[0002] In the past, as a piezoelectric ceramic composition, a PZT (PbTi03-Pb2r03) component-based ceramic con- 
taining lead has been used. This is because the above PZT exhibits large piezoelectric properties and has a high 
'5 mechanical quality factor superior in long-term stability and enables the easy. fabrication of materials of various prop-: 
erties required for applications such as sensors, actuators, and filters. 

[0003] Further, PZT has a high relative dielectric constant, so can also be used as a capacitor etc. 

[0004] While a piezoelectric ceramic composition comprised of PZT has superior properties, rt includes lead amc- g 

its component elements, so harmful lead leaches out from the industrial waste of products containing the P7J and 

20 therefore environmental pollution is liable to be caused. The rising awareness of such environmental issues jn recent 
years has made difficult the production of products which might become causes of environmental pollution such as 
with PZT. Therefore, developnrient of a piezoelectric ceramic composition of a composition not containing lead is being 
sought. A piezoelectric ceramic composition of the general formula (Ki.yNax)Nb03 (where, 0<x<1) has become the 
focus of attention. (See Journal or the American Ceramic Society, U.S., 1962, vol. 45, no. 5, p. 209.) 

25 * . 

(A) Problem to be Solved 1 . 

[0005] A piezoelectric ceramic composition of the general formula (Ki.^Nax)Nb03 (where, 0<x<1) is difficult to fire, 
so hot press sintering is necessary. Therefore, there was the problem that the production costs became high. 

30 [0006] Further, there was the problem that the piezoelectric ceramic composition of the above general formula suf- 
fered from low properties such as the piezoelectric ds^ constant, electromechanical coupling coefficient Kp, and Curie 
temperature Tc. Therefore, application was difficult to piezoelectric elements requiring high piezoelectric ds^ constants 
and electromechanical coupling coefficients Kp such as piezoelectric actuators, piezoelectric filters, piezoelectric vi- 
brators, piezoelectric transfomners, piezoelectric ultrasonic motors, piezoelectric gyrosensors, knock sensors, yp>v v 

35 sensors, air bag sensors, back sonar, corner sonar, piezoelectric buzzers, piezoelectric speakers, and piezoe-c. : v:; 
igniters. Further since the Curie temperature TC is low, there was the problem that the piezoelectric properties cete- 
ri orated under a high temperature environment. 

[0007] The invention was made in view of the above problem and has as its object to provide a piezoelectric ceramic 
composition not containing lead, able to be sintered at ordinary pressure, and superior to the past in at least one of 
^ the properties unique to piezoelectric ceramic compositions such as the piezoelectric d3^ constant and a method of 
production of the same and a piezoelectric element and dielectric element utilizing that piezoelectric ceramic compo- 
sition. 

(B) Problem to be Solved II 

45 

[0008] A piezoelectric ceramic composition of the above general.fomiula (K.,.xNax)Nb03 (where, 0<x<1 ) suffers from 
the problem of low piezoelectric properties such as the piezoelectric d3.| constant, electromechanical coupling coeffi- 
cient Kp, piezoelectric g^^ constant, and mechanical quality factor Qm. Therefore, application was difficult to a piezo- 
electric elements requiring a high piezoelectric d3^ constant such as piezoelectric actuators, piezoelectric filters, pie- 
50 zoelectric vibrators, piezoelectric transfomners, piezoelectric ultrasonic motors, piezoelectric gyrosensors, knock sen- 
sors, yaw rate sensors, air bag sensors, back sonar, comer sonar, piezoelectric buzzers, piezoelectric speakers, and 
piezoelectric igniters. 

[0009] Further, since the piezoelectric ceramic composition of the above general formula has low dielectric properties 
such as the relative dielectric constant t^si^^ dielectric loss tan5, there was the problem that application was 
55 difficult to a dielectric element such as a capacitor 

[001 0] The present invention was made in view of the above problem in the prior art and has as its object to provide 
a piezoelectric ceramic composition not containing lead, having high piezoelectric properties and dielectric properties, 
and superior in at least one of the piezoelectric d3^ qonstant, relative dielectric constant, dielectric loss, and Curie 
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temperature Tc and a method of production of the same and a piezoelectric element and dielectric element utilizing 
that piezoelectric ceramic composition. 

(C) Problem to be Solved III 

5 

[0011] A piezoelectric ceramic composition of the above general formula (Ki.xNax)Nb03 (where, 0<x<1 ) suffers from 
the problem of low piezoeleclric properties such as the piezoelectric constant, electromechanical coupling coeffi- 
cient Kp, piezoelectric g^^ constant, and mechanical quality factor Qm and low dielectric properties such as the relative 
dielectric constant £337/60 and dielectric loss tanS, Therefore, application was difficult to piezoelectric elements requiring 
10 a high piezoelectric dg^ constant and electromechanical coupling coefficient Kp such as piezoelectric actuators, pie- 
zoelectric filters, piezoelectric vibrators, piezoelectric transformers, piezoelectric ultrasonic motors, piezoelectric gyro- 
sensors, knock sensors, yaw rate sensors, air bag sensors, back sonar, comer sonar, piezoelectric buzzers, piezoe- 
lectric speakers; and piezoelectric igniters and to dielectric elements such as capacitors. 

[0012] To solve this problem. In addition to the piezoelectric ceramic composition of the above general formula 
(Ki,xNax)Nb03, various piezoelectric ceramic compositions of compositions not containing lead are being developed, 
but almost ail of these cannot withstand practical use. Further, in general the piezoelectric 6^^ constant and mechanical 
quality factor Qm are contradictory In relationship, so it is particularly difficult to obtain a plezoelectrk: ceramic compo- 
sition superior in both of the piezoelectric d^^ constant and mechanical quality factor Qm. 

[0013] The present invention was made in view of the above problem in the prior art and has as Its object to provide 
20 a piezoelectric ceramic composition npt containing lead, having high. piezoelectric properties and dielectric properties, 
and superior in both of the piezoelectric d^-t constant and mechanical quality. factor Qm and a method of production of 
the same and a piezoelectric element and dielectric element utilizing that piezoelectric ceramic composition. 

(D) Problem to "be iSolved IV " . - . 

25 

[0014] A piezoelectric ceramic composition of the above general formula (Ki.x)Nax)Nb03 (where, 0<x<1) suffers 
from the problem of being difficult to sinter. Therefore, the sintered piezoelectric ceramic composition features a low 
apparent density and tends to have a large number of pores in its surface and Inside. Therefore, a conventional pie- 
zoelectric ceramic composition of the above generalfonnula(Ki.xNax)Nb03Suffered from the problem of a susceptibility 
30 to a drop in Its mechanical strength. 

[0015] The present invention was made in view of the above problem In the prior art arid has as its object to provide 
a piezoelectric ceramic composition not containing lead, having a high apparent density, and haying a low porosity and 
open porosity and a method of production of the same and a piezoelectric element and dielectric element utilizing that 
piezoelectric ceramic composition. 

35 

(E) Problem to be Solved V 

[0016] A piezoelectric ceramic composition of the above general formula (Ki.xNa^)Nb03 (where, 0<x<1 ) suffers from 
the problem of low piezoelectric properties such as the piezoelectric d^^ constant, electromechanical coupling coeffi- 

40 clent Kp, piezoelectric g^^ constant, and mechanical quality factor Qm. Therefore, application is difhcult to piezoelectric 
elements requiring a high piezoelectric dg, constant and electromechanical coupling coefficient Kp such as piezoelectric 
actuators, piezoelectric filters, piezoelectric vibrators, piezoelectric transfonners, piezoelectric ultrasonic motors, pie- 
zoelectric gyrosensors, knock sensors, yaw rate sensors, air bag S(9nsors. back sonar, corner sonar, piezoelectric 
buzzers, piezoelectric speakers, and piezoelectric igniters. 

45 [0017] Further, since the piezoelectric ceramic composition of the above general formula has low dielectric properties 
such as the relative dielectric constant z^st^Eq and dielectric loss tan5. there was the problem that application was 
difficult to a dielectric element such as a capacitor. 

[0018] The present invention was made in view of the above problem In the prior art and has as Its object to provide 
a piezoelectric ceramic composition not containing lead, having high piezoelectric properties and dielectric properties, 
50 and superior in at least one of the piezoelectric d3i constant, mechanical quality factor Qm, and relative dielectric 
constant and a method of production of the same and a piezoelectric element and dielectric element utilizing that 
piezoelectric ceramic composition. 

SUMMARY OF THE INVENTION 

55 

(1) Means for Solving the Problem I 

[0019] According to a first aspect of the present invention, there is provided a piezoelectric ceramic composition of 
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a general formula {Lix(Ki.yNay)i. J(Nb^.2.„Ta2Sb^)03 where x, y, z, and w are in the ranges of 0^<0.2, 0<y^1 , 0<z<0.4, 
and 0<w<0.2. 

. [0020] As described above, the piezoelectric ceramic composition of the invention has a general formula of a type 
of perovsklte structure ABO3 wherein elements of A site comprise either K and Na; or K, Na and.Li; while elements of 

s B ^ite comprise Nb, Ta and Sb. In this fonmula, the ideal perovsklte structure is attained when A:B is 1:1 (i.e. a stoichi- 
ometric ratio). However, for the purpose of the invention, the ratio A/B may vary because especially several % (e.g. 
3%) of K, Na, Li and Sb may vaporize during sintering process, and all of the constituent elements may also vary to 
some extent (e.g. 3%) during mixing, milling or granulating. Thus, the stoichiometric composition may sometimes vary 
depending on the variation In manufacturing processes. Therefore, there are many cases where the formulation ratio 

10 of starting materials is intentionally adjusted in light of such a variation. It is true of conventional manufacturing proc- 
esses for PZT, wherein the fonnulation ratio is commonly adjusted, taking into account that lead may vaporize during 
sintering and zirconia may be mingled as a contaminant from milling media of zirconia balls. For the purpose of the 
invention, the variation of the ratio A/B is allowed to the extent of ±5 mol% to obtain acceptable electric properties. 
Preferably, the variation of the ratio A/B is within ±3 mol% to obtain higher electric properties due to less lattice defect. 

IS [0021] The piezoelectric ceramic composition of the first aspect of the present invention, as shown by the general 
formula {U^(K.|.yNay)^.^}(Nb.,.2.w'^a2Sb^)03 is a composition not containing lead. 

[0022] Therefore, the piezoelectric ceramic composition is safe in that waste of the piezoelectric ceramic composition 
etc. does not leach harmful lead into the natural worid. 

[0023] Further, the piezoelectric ceramic composition has the x, y, z, and w in the above general fomnula in the above 
20 ranges. Therefore, the piezoelectric ceramic composition is superior in at least one of the piezoelectric 6^^ constant, 
electromechanical coupling coefficient Kp, piezoelectric g^i constant, relative dielectric constant 6337^80, dielectric loss 
tan5, and Curie temperature Tc. . 

[0024] Further, the piezoelectric ceramic composition has a range of z in the above general formula of 0<z<0.4 and 
a range of w of 0<w<0.2 and contains tantalum and. antimony as essential ingredients. Therefore, the piezoelectric 

25 ceramic composition easily is densif red at the time of sintering and can be sufficiently densif ied even by sintering under 
ordinary pressure. This is because the inclusion of tantalum and antimony as essential ingredients in the above ranges 
reduces the sintering temperature,*the tantalum and antimony function as sintering aids^ and sintering with little pores 
becomes possible. Therefore, there is no need for hot press sintering as in the past and the above piezoelectric ceramic 
composition can be fabricated simply and at a low cost. Further, the stability of the dielectric loss tan5 of the piezoelectric 

30 ceramic composition can be improved. 

[0025] In this way, the piezoelectric ceramic composition is safe to the environment, can be sintered at ordinary 
pressure, and can be utilized as a material for a high performance piezoelectric element or dielectric element. Noi& 
that the piezoelectric ceramic composition in the first aspect of the present invention is not limited to a ceramic com- 
position having piezoelectric properties and Includes in concept also a dielectric ceramic composition having dielectric 

35 . properties. 

[0026] According to a second aspect of the present invention, there is provided a method of production of a piezo- 
electric ceramic composition comprising shaping and sintering a powder comprised of a piezoelectric ceramic compo- 
sition of a general formula {Lix(K^.yNay)^.J(Nbi.2.^Ta2Sbyy)03 where x, y, z, and w are in the ranges of 0<x<0.2, 0<y<1 , 
0<z<0.4, and 0<w<0.2. 

^ [0027] A shaped article obtained using a powder comprised of the above piezoelectric ceramic composition can be 
sintered at ordinary pressure. Therefore, it can be sintered simply and at a low cost. Further, the piezoelectric ceramic 
composition obtained after sintering does not contain lead and is superior in properties unique to piezoelectric ceramic 
compositions such as the piezoelectric d3^ constant. Therefore, it can be utilized as a material for a high performance 
piezoelectric element or dielectric element. 

45^ [0028] According to a third aspect of the present invention, there is provided a method of production of a piezoelectric 
ceramic composition comprising mixing and sintering a compound containing lithium, a compound containing sodium, 
a compound containing potassium, a compound containing niobium, a compound containing tantalum, and a compound 
containing antimony so as to obtain a piezoelectric ceramic composition of the first aspect of the invention. 
[0029] In the third aspect of the present invention, as explained above, a compound containing lithium, a compound 

50 containing sodium, a compound containing potassium, a compound containing niobium, a compound containing tan- 
talum, and a compound containing antimony are mixed and sintered. Due to this, the piezoelectric ceramic composition 
of the first aspect of the invention can be easily obtained. 

[0030] Further, at the time of sintering, the piezoelectric ceramic composition can be sintered at ordinary pressure. 
Further, the piezoelectric ceramic composition obtained after sintering does not contain lead and is superior in prop- 
S5 erties unique to piezoelectric ceramic compositions such as the piezoelectric 6^-^ constant. Therefore, it can be utilized 
as a material for a high performance piezoelectric element or dielectric element. 

[0031] According to a fourth aspect of the present invention, there is provided a piezoelectric element having a 
piezoelectric body comprised of a piezoelectric ceramic composition of the first aspect of the invention. 
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[0032] The piezoelectric element of the fourth aspect of the invention has a piezoelectric body comprised of the 
piezoelectric ceramic con^osition of the first aspect of the invention. Therefore, the piezoelectric element does not. 
contain lead and is safe to the environment 

[0033] Further, the piezoelectric element enables the direct utilization of the property of the piezoelectric ceramic 
composition of being superior in properties unique to piezoelectric ceramic compositions such as the piezoelectric 6^^ 
constant. Therefore, the piezoelectric element can be utilized as a piezoeiectric sensor element having a high sensitivity, 
a piezoelectric vibrator and actuator having a high electromechanical energy conversion efficiency, or other superior 
piezoelectric element. 

[0034] According to a fifth aspect of the invention, there is provided a dielectric element having a dielectric body 
comprised of a piezoelectric ceramic composition of the first aspect of the invention. 

[0035] The dielectric element of the fifth aspect of the invention has a dielectric body comprised of the piezoelectric 
ceramic composition of the first aspect of the invention. Therefore, the dielectric element does not contain lead and is 
safe to the environment. Further, the dielectric element enables the direct utilization of the property of the piezoelectric 
ceramic composition of being superior in at least one of the properties of the relative dielectric constant, dielectric loss, 
and long-temn stability of the dielectric loss etc. Therefore,* the dielectric element can be utilized as a large electrostatic 
capacity capacitor or other superior dielectric element. 

(2) Means for Solving the Problem II 



[0036] According to a sixth aspect of the invention, there is provided a piezoelectric ceramic composition having a 
compound of a general formula {Lix(Ki.yNay)i.J(Nbi.^.^Ta2Sb„)03 where x, y, z, and w are in the ranges of 0<x^0.2, 
0<y<1. 0<z<0.4, and 0<w<0.2 as a main ingredient, wherein the piezoelectric ceramic composition contains at least 
one metal element selected from palladium, silver, gold, ruthenium, rhodium, rhenium, osmium, iridium, and platinum 
as an added element, and a total of the contents of the added elements Is 0.001 mol to 0.1 5 mol with respect to 1 mole 
25 of the compound of the above general formula. 

[0037] The above additive may be added to the above piezoelectric ceramic composition having the general formula 
by substitutional addition or external addition. 

[0038] As described above, the jDiezoelectric ceramic composition of the invention has a general formula of a type 
of perovskite structure ABO3 wherein elements of A site comprise either K and Na; or K, Na and Li; while elements of 
B site comprise Nb, Ta and Sb. In this fomiula, the ideal perovskite structure Is attained when A:B is 1 :1 (i.e. a stoichi- 
ometric ratio). However, for the purpose of the invention, the ratio A/B may vary because especially several % (e.g. 
3%) of K, Na, Li and Sb may vaporize during sintering process, and all of the constituent elements may also vary to 
some extent (e.g. 3%) during mixing, milling or granulating. Thus, the stoichiometric composition may sometimes vary 
depending on the variation in manufacturing processes. Therefore, there are mapy cases where the. fomiulation ratio 
of starting materials is intentionally adjusted in light of such a variation. It is true of conventional manufacturing proc- 
esses for PZT, wherein the fomiulation ratio is commonly adjusted, taking into account that lead may vaporize during 
sintering and zirconia may be mingled as a contaminant from milling media of zirconia balls. For the purpose of the 
invention, the variation of the ratio A/B is allowed to the extent of ±5 mol% to obtain acceptable electric properties. 
Preferably, the variation of the ratio A/B is within ±3 moi% to obtain higher electric properties due to less lattice defect! 
[0039] Next, the action and effects of the present Invention will be explained. The piezoelectric ceramic composition 
of the present invention is a composition not containing lead. Therefore, the piezoelectric ceramic composition is safe 
in that its waste etc. do not leach hamriful lead into the natural worid. 

[0040] Further, the piezoelectric ceramic composition contains the compound of the above general fomiula and has 
the x, y, z, and w In the above general fonnula in the above ranges. Therefore, the piezoelectric ceramic composition 
is superior in the piezoelectric d^^ constant, electromechanical coupling coefficient Kp,. piezoelectric g3^ constant, and 
other piezoelectric properties, the relative dielectric constant eQsj/to, dielectric loss tanS. and other dielectric properties, 
and Curie temperature Tc. Note that a composition of the above general fomnula {Llx(Ki.yNaY)i.x} (Nb^.^.^Ta^Sb JO3 
not containing the above added elements will be refen-ed to below as the "basic composition". " ^ « 

[0041] The piezoelectric ceramic composition contains, in addition to the compound of the basic composition of the 
above general fomnula. at least one type of metal element selected from palladium, silver, gold, ruthenium, rtiodium, 
rhenium, osmium, iridium, and platinum as added elements in a total In the above range of content. Therefore, the 
piezoelectric ceramic composition of the present invention Is further Improved in at least one property among the 
piezoelectric d^^ constant, piezoelectric gg^ constant, electromechanical coupling coefficient Kp; relative dielectric con- 
stant e33T/eo, dielectric loss tanS, and Curie temperature Tc and is more superior even compared with a piezoelectric 
ceramic composition of the above general fonnula not containing the added elements. 

[0042] In this way, the piezoelectric ceramic composition of the present Invention does not contain lead and therefore 
is safe to the environment and further has superior piezoelectric properties, so can be utilized as a high performance 
piezoelectric element. 
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[0043] Further, the piezoelectric ceramic composition is superior in the relative dielectric constant, dielectric loss, 
and. other dielectric properties in addition to the above piezoelectric properties. Therefore, it can be utilized as a high 
perfomnance dielectric element as well. That is, the piezoelectric ceramic composition of the sixth aspect of the Invention 
is not limited to a piezoelectric ceramic composition having piezoelectric properties and includes in concept a dielectric 

5 ceramic composition having dielectric properties as well. 

[0044] According to a seventh aspect of the invention, there is provided a method of production of a piezoelectric 
ceramic composition comprising mixing and sintering a compound of a general formula {Llx(K^.yNay)i.J (Nb^.2-w"^a2S- 
t)w)03 where x, y, z, and w are In the ranges of 0<x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2 and an additive including at 
least one nnetal element selected from palladium, silver, gold, ruthenium, rhodium, rhenium, osmium, iridium, and 

10 platinum. 

[0045] The mixture obtained by mixing the compound of the above general formula and the above additive can be 
sintered under ordinary pressure. Therefore, it is possible to fire It simply and at a low cost. Further, the piezoelectric 
ceramic composition obtained after sintering does not contain lead and is superior in piezoelectric d3-, constant, elec- 
tromechanical coupling coefficient Kp, and other piezoelectric properties and dielectric loss, relative dielectric constant, 
15 and other dielectric properties. Therefore, it can be used as a material for a high performance piezoelectric element 
or a dielectric element. 

[0046] Further, the piezoelectric ceramic composition obtained after sintering has the above additive added to it, so 
has at least part of at least one type of the lithium, potassium, sodium, niobium, tantalum, and antimony of the compound 
of the above general fomriula substituted by at least one type of metal element selected from palladium, silver, gold, 

20 ruthenium, rhodium, rheniurrt osmium, jridium, and platinum or has the above metal elements or oxides pr perovskite 
structure compounds containing the same included in the grains or at the grain boundaries of the piezoelectric ceramic 
composition. Note that the "containing an additive" in this specification includes all of the above meanings. 
[0047] The above additive may be added to the above piezoelectric ceramic composition having the general formula 
by substitutional addition or external addition. 

25 [0048] According to an eighth aspect of the invention, there Is provided a method of production of a piezoelectric 
ceramic composition comprising mixing a compound containing lithium, a compound containing sodium, a compound 
containing potassium, a compound containing niobium, a compound containing tantalum, and a compound containing 
antimony by a stoichiometric ratio giving, after sintering, a compound of a general fomnula {i-ix(Ki.yNay)i.x}(Nbi.2.„Ta2S- 
bw)03 where x, y, z, and w are in the ranges of D^x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2 or a stoichiometric ratio con- 

30 sidering substitution by a metal element contained In the following additive, mixing an additive containing at least one 
metal element selected from palladium, silver, gold, ruthenium, rhodium, rhenium, osmium, iridium, and platinum, and 
sintering the result. 

[0049] In the eighth aspect of the invention, as explained above, a compound containing lithium, a compound con- 
taining sodium, a compound containing potassium, a compound containing niobium, a compound containing tantalum, 

35 a compound containing antimony, and an additive containing at least one metal element selected from palladium, silver, 
gold, ruthenium, rhodium, rhenium, osmium, iridium, and platinum are mixed and sintered in the above stoichiometric 
ratio. Due to this, it Is possible to easily obtain the piezoelectric ceramic composition of the sixth aspect of the invention, 
[0050] Further, the piezoelectric ceramic composition obtained after sintering has the above additive added to it, so 
In the same way as in the seventh aspect of the invention, has at least part of at least one type of the lithium, potassium, 

40 sodium, niobium, tantalum, and antimony of the compound of the above general formula substituted by at least one 
type of metal element selected frorri palladium, silver, gold, ruthenium, rhodium, rhenium, osmium, Iridium, and platinum 
or has the above metal elements or oxides or perovskite structure compounds containing the same included in the 
grains or at the grain boundaries of the piezoelectric ceramic composition. 

[0051] . At this time, when mixing a compound containing lithium, a compound containing sodium, a compound con- 
45 taining potassium, a compound containing niobium, a compound containing tantalum, a compound containing antimo- 
ny, and the above additive by a stoichiometric ratio considering substitution by metal elements included in the additive, 
it is possible to positively substitute at least part of at least one type of the lithium, sodium, potassium, niobium, tantalum, 
and antimony in the compound of the general formula with the metal elements Included in the additive. 
[0052] The "mixing ... considering substitution by metal elements Included In the additive" can be realized, for ex- 
50 ample when substituting the lithium of the compound of the above general formula by a metal element of the additive, 
reducing the amount of the compound containing the lithium and adding and mixing In the above additive in exactly 
the reduced amount and, overall, by mixing by a stoichiometric ratio so as to give a compound of the general fomnula 
{Llx(K.,.yNay)i.J(Nbi.2.wTa2SbJ03 after sintering. When substituting the potassium, sodium, niobium, tantalum, or 
antimony In the above general formula as well, It Is possible to realize this by reducing the amount of the compound 
55 containing the same and adding an additive containing the metal element desired to be substituted by in exactly the 
reduced amount. For example, when adding sliver for substitution, the result becomes {Lix(K^.yNay)vxAgu} 
(Nb^.^.^Ta^SbJOa- 

[0053] On the other hand, by mixing a compound containing lithium, a compound containing sodium, a compound 
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containing potassium, a compound containing niobium, a compound containing tantalum, and a compound containing 
antimony by a stoichiometric ratio giving a compound of the above general fomiula {Lix(Ki.yNay)i.jJ(Nbi.2-wTa2SbJ 
O3 after sintering and further mixing the above additive into this and sintering the result, it Is possible to positively 
produce a piezoelectric ceramic composition containing the above metal elements or oxides or perovskite structure 
5 compounds containing the same. 

[0054] Further, in the eighth aspect of the invention, the composition can be sintered at ordinary pressure. Further, 
the piezoelectric ceramic composition obtained after sintering does not contain lead and is superior in piezoelectric 
properties or dielectric properties. Therefore, it can be used as a material for a high perfomiance piezoelectric element 
and dielectric element etc. 

10 [0055] According to a ninth aspect of the invention, there is provided a piezoelectric element having a piezoelectric 
body comprised of a piezoelectric ceramic composition of the sixth aspect of the Invention. 

[0056] The piezoelectric element of the ninth aspect of the invention has a piezoelectric body comprised of the pie- 
zoelectric ceramic composition of the sixth aspect of the invention. Therefore, the piezoelectric element does not contain 
lead and is safe to the environment. 

15 [0057] Further, the piezoelectric element enables the direct, utilization of the property of the piezoelectric ceramic 
composition of being superior in properties unique to piezoelectric ceramic compositions such as the piezoelectric dg., 
constant. Therefore, the piezoelectric element can be utilized as a piezoelectric sensor element having a high sensitivity, 
a piezoelectric vibrator and actuator having a high electromechanical energy conversion efficiency, etc. 
[0058] According to a 10th aspect of the invention, there is provided a piezoelectric element having a piezoelectric 

20 body comprised of a piezoelectric ceramic composition produced by the method of production of the seventh or eighth 
aspect of the Invention. 

[0059] The piezoelectric element of the 1 0th aspect of the invention has a piezoelectric body comprised of a piezo- 
electric ceramic composition obtained by the above method of production. Therefore, the piezoelectric element directly 
utilizes the superior properties of the piezoelectric ceramic composition and can be utilized as a piezoelectric sensor 
25 element having a high sensitivity, a piezoelectric vibrator and actuator having a high electromechanical energy con- 
version efficiency, etc. 

[0060] According to an 11th aspect of the Invention, there is provided a dielectric element having a dielectric body 
comprised of a piezoelectric ceramic composition of the sixth aspect of the invention. 

[0061 ] The dielectric element of the 1 1 th aspect of the invention has a dielectric body comprised of the piezoelectric 
30 ceramic composition of the sixth aspect of the invention. Therefore, the dielectric element does not contain lead and 
Is safe to the:envirpnment. Further, the dielectric element enables the direct utilization of the property of the piezoelectric 
ceramic composition of being superior in the relative dielectric constant, dielectric loss, etc. Therefore, the dielectric., . 
element can be utilized as a capacitor with a large electrostatic capacity. 

[0062] According to a 12th aspect of the invention, there is provided a dielectric element having a dielectric body 
35 comprised of a piezoelectric ceramic composition produced by the method of production of the seventh or eighth aspect 
of the invention. 

[0063] The dielectric element of the 12th aspect of the Invention has a dielectric body comprised of a piezoelectric 
ceramic composition obtained by the above method of production. Therefore, the dielectric element directly utilizes 
the superior properties of the piezoelectric ceramic composition and can be utilized as a capacitor with a large elec- 
^ trostatic capacity etc. 

(3) Means for Solving the Problem III 

[0064] According to a 13th aspect of the Invention, there is provided a piezoelectric ceramic composition having a 
45 compound of a general fomriula {Lij<(K.,.yNay)v.x}(Nbi.2.„TazSb„)03 where x, y, z, and w are In the ranges of 0<x<0.2, 
0<y<1 , 0<z<0.4, and 0<w<0.2 as a main ingredient, wherein the piezoelectric ceramic composition contains at least 
one metal element selected from nickel, iron, manganese, copper, and zinc as an added element, and a total of the 
contents of the addetf elements Is 0.001 mol to 0.08 mol with respect to 1 mole of the compound of the above general 
formulai. 

50 [0065] The above additive may be added to the above piezoelectric ceramic composition having the general formula 
by substitutional addition or external addition. 

[0066] As described above, the piezoelectric ceramic composition of the invention has a general formula of a type 
of perovskite structure ABO3 wherein elements of A site comprise either K and Na; or K, Na and Li; while elements of 
B site comprise Nb, Ta and Sb. In this formula, the ideal perovskite structure is attained when A:B is 1:1 (i.e. a stoichi- 
55 ©metric ratio). However, for the purpose of the invention, the ratio A/B may vary because especially several % (e.g. 
3%) of K, Na, Li and Sb may vaporize during sintering process, and all of the constituent elements may also vary to 
some extent (e.g. 3%) during mixing, milling or granulating. Thus, the stoichiometric composition may sometimes vary 
depending on the variation in manufacturing processes. Therefore, there are many cases where the formulation ratio 
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of starting materials is intentionaify adjusted in light of such a variation. It is true of conventional manufacturing proc- 
esses for PZT, wherein the fonnulation ratio is commonly adjusted, taking into account that lead may vaporize during 
sintering and zirconia may be mingled as a contaminant from milling media of zirconia balls. For the purpose of the 
invention, the variation of the ratio A/B is allowed to the extent of ±5 mol% to obtain acceptable electric properties. 
. 5 Preferably, the variation of the ratio A/B is within ±3 mol% to obtain higher electric properties due to less lattice defect, 
[0067] Next, the action and effects of the present invention will be explained. The piezoelectric ceramic composition 
of the present invention is a composition not containing lead. Therefore, the piezoelectric cerarnic composition is safe 
in that its waste etc. do not leach h.anrifui lead into the natural world. 

[0068] Further, the piezoelectric ceramic composition contains the compound of the above general formula and has 
10 the X, y, z, and w in the above general formula In the above ranges. Therefore, the piezoelectric ceramic composition 
is superior in the piezoelectric. ds^ constant, electromechanical coupling coefficient Kp, piezoelectric gg^ constant, and 
other piezoelectric properties, the relative dielectric constant CasT^CQ, dielectric loss tan6, and other dielectric properties, 
and Curie temperature Tc. Note that a composition of the above general formula {Lix(Ki.yNay).,.x}(Nbi.2.^Ta2Sbv^)03 
not containing the above added elements will be referred to below as the "basic composition". 
15 [0069] The piezoelectric ceramic composition contains, in addition to the compound of the basic composition of the 
above general formula, at least one type of metal element selected from nickel, iron, manganese, copper, and zinc as 
added elements in a total in the above range of content. Therefore, the piezoelectric ceramic composition of the present 
inventiori can be maintained at a high piezoelectric d^-i constant equal to that of a piezoelectric ceramic composition 
of the above general formula not containing the added elements while being improved In the mechanical quality factor 
20 Qm. That is. it is possible to realize a piezoelectric ceramic composition superior in both of the piezoelectric 6^^ constant 
and the.mechanical quality factor Qm. 

[0070] in this way, the piezoelectric ceramic composition does not contain lead and therefore is safe to the environ- 
ment and further has superior piezoelectric properties, so can be utilized as a high performance piezoelectric element. 
In particular, since the piezoelectric ceramic composition has a high mechanical quality factor Qm as explained above, 
25 a piezoelectric element using this piezoelectric ceramic composition is suppressed in heat generation when driving it 
in an electric field and therefore is more superior . . 

[0071] Further, the piezoelectric ceramic composition is superior in the relative dielectric constant, dielectric loss, 
and other dielectric properties in addition to the above piezoelectric properties. Therefore, the piezoelectric ceramic 
composition of the present invention can be utilized as a high perfomnance dielectric element as well. That is, the 
30 piezoelectric ceramic composition of the 1 3th aspect of the invention is not limited to a piezoelectric ceramic composition 
haying piezoelectric properties and includes in concept a dielectric ceramic composition having dielectric properties 
as well. 

[0072] According to a 1 4th aspect of the invention, there is provided a method of production of a piezoelectric ceramic 
composition comprising mixing and sintering a compound of a general fomriula {LixCKi.yNay).,.^} (Nb.j.2-w'^^^'^w)03 . 
35 where x, y, z, and w are in the ranges of 0<x^0.2, 0^y<1 , 0<z<0.4, and 0<w<0.2 and an additive including at least one 
metal element selected from nickel, iron, manganese, copper, and zinc. 

[0073] The above additive may be added to the above piezoelectric ceramic composition having the general formula 
by substitutional addition or external addition. 

[0074] The mixture obtained by mixing the compound of the above general fomriula and the above additive can be 

40 sintered under ordinary pressure. Therefore, it is possible to fire it simply and at a low cost. Further, the piezoelectric 
ceramic composition obtained after sintering does not contain lead and is superior in piezoelectric dg., constant, elec- 
tromechanical coupling coefficient Kp, mechanical quality factor Qm, and other piezoelectric properties or dielectric 
loss, relative dielectric constant, and other dielectric properties. Therefore, it can. be used as a material for a high 
performance piezoelectric element or dielectric element. 

45 [0075] Further, the piezoelectric ceramic composition obtained after sintering has the above additive added to it, so 
has at least part of at least one typeof the lithium, potassium, sodium, niobium, tantalum, and antimony of the compound 
of the above general fonmula substituted by at least one type of metal element selected from nickel, iron, manganese, 
copper, and zinc or has the above metal elements or oxides or perovsklte structure compounds containing the same 
included In the grains or at the grain boundaries of the piezoelectric ceramic composition. Note that the "containing an 

50 additive" in this specification includes all of the above meanings. 

[0076] According to a 1 5th aspect of the invention, there is provided a method of production of a piezoelectric ceramic 
composition comprising mixing a compound containing lithium , a compound containing sodium, a compound containing 
potassium, a compound containing niobium, a compound containing tantalum, and a compound containing antimony 
by a stoichiometric ratio giving, after sintering, a compound of a general formula {Lix(K.,.yNay)-|.J(Nb^.2-w"^^S^w)03 

55 where x, y, z, and w are in the ranges of 0<x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2 or a stoichiometric ratio considering 
substitution by a metal element contained in the following additive, mixing an additive containing at least one metal 
element selected from nickel, iron, manganese, copper, and zinc, and sintering the result. 

[0077] The above additive may be added to the above piezoelectric ceramic composition having the general formula 
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by substitutional addition or external addition. 

[0078] In the 1 5th aspect of the invention, as explained above, a compound containing lithium, a compound containing 
sodium, a compound containing potassium, a compound containing niobium, a compound containing tantalum, a com- 
pound containing antimony, and an additive containing at least one metal element selected from nickel, iron, manga- 
5 nese, copper, and zinc are mixed and sintered in the above stoichiometric ratio. Due to this. It is possible to easily 
obtain the piezoelectric ceramic composition of the 13th aspect of the invention. 

[0079] Further, the piezoelectric ceramic composition obtained after sintering has the above additive added to it, so 
in the same way as in the 14th aspect of the invention, has at least part of at least one type of the lithium, potassium, 
sodium, niobium, tantalum, and antimony of the compound of the above general formula substituted by at least one 
10 type of metal element selected from nickel, iron, manganese, copper, and zinc or has the above metal elements or 
oxides or perovskite structure compounds containing the same included in the grains or at the grain boundaries of the 
piezoelectric ceramic composition. 

[0080] At th s time, when mixing a compound containing lithium, a compound containing sodium, a compound con- 
taining potassium, a compound containing niobium, a compound containing tantalum, a compound containing antimo- 
ny, and the above additive by a stoichiometric ratio considering substitution by metal elements included in the additive, 
it is possible to positively substitute at least part of at least one type of the lithium, sodium, potassium, niobium, tantalum, 
and antimony in the compound of the general fonmula with the metal elements included in the additive. 
[0081] The "mixing ... considering substitution by metal elements included in the additive" can be realized, for ex- 
ample when substituting the lithium of the compound of the above general formula by a metal element of the additive, 
reducing the amount of the compound containing the lithium and adding and mixing in the above additive in exactly 
the reduced amount and, overall, by mixing by a stoichiometric ratio so as to give a compound of the general formula 
{Lix(Ki.yNay)i.J(Nb^.2.vvTa2Sbj63 after sintering. When substituting the potassium, sodium, niobium, tantalum, or 
antimony in the above general formula as well, it is possible to realize this by reducing the amount of the compound 
containing the same and adding an additive containing the metal element desired to be substituted by in exactly the 
25 reduced amount: 

[0082] On the other hand, by mixing a compound containing lithium, a compound containing sodium, a compound 
containing potassium, a compound containing niobium, a connpound containing tantalum, and a compound containing 
antimony by a stoichiometric ratio giving a compound of the above general fomiula {Lix(K^.yNay)^.J(Nbi.2.^Ta2SbJ 
O3 after sintering and further mixing the above additive into this and sintering the result, it is possible to positively 
30 produce a piezoelectric ceramic composition containing the above metal elements or oxides or perovskite structure 
compounds containing the same. 

[0083] Further, in the 15th aspect of the invention, the composition can be sintered at ordinary pressure. Further, the 
piezoelectric ceramic composition obtained after sintering does not contain lead and is superior in piezoelectric prop- 
erties or dielectric properties. Therefore, it can be used as a material tor a high perfomnance piezoelectric element and 
35 dielectric element etc. 

[0084] According to a 16th aspect of the invention, there is provided a piezoelectric element having a piezoelectric 
body comprised of a piezoelectric ceramic composition of the 13th aspect of the invention. 

[0085] The piezoelectric element of the 16th aspect of the invention has a piezoelectric body comprised of the pie- 
zoelectric ceramic composition of the 1 3th aspect of the invention. Therefore, the piezoelectric element does not contain 

40 lead and is safe to the environment. 

[0086] Further, the piezoelectric element enables the direct utilization of the property of the piezoelectric ceramic 
composition of being superior in properties unique to piezoelectric ceramic compositions such as the piezoelectric d^^ 
constant and mechanical quality factor Qm. Therefore, the piezoelectric element can be utilized as a piezoelectric 
sensor element having a high sensitivity, a piezoelectric vibrator and actuator having a high electromechanical energy 

^ conversion efficiency, etc. 

[0087] According to a 17th aspect of the invention, there is provided a piezoelectric element having a piezoelectric 
body comprised of a piezoelectric ceramic composition produced by the method of production of the 14th or 1 5th aspect 
of the invention. 

[0088] The piezoelectric element of the 1 7th aspect of the invention has a piezoelectric body comprised of a piezo- 
electric ceramic composition obtained by the above method of production. Therefore, the piezoelectric element directly 
utilizes the superior properties of the piezoelectric ceramic composition and can be utilized as a piezoelectric sensor 
element having a high sensitivity, a piezoelectric vibrator and actuator having a high electromechanical energy con- 
version efficiency, etc. 

[0089] According to an 1 8th aspect of the invention, there is jDrovided a dielectric element having a dielectric body 
55 comprised of a piezoelectric ceramic composition of the 13th aspect of the invention. 

[0090] The dielectric element of the 1 8th aspect of the invention has a dielectric body comprised of the piezoelectric 
ceramic composition of the 13th aspect of the invention. Therefore, the dielectric element does not contain lead and 
is safe to the environment. Further, the dielectric element enables the direct utilization of the property of the piezoelectric 
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ceramic composition of being superior in the relative dielectric constant, dielectric loss, etc. Therefore, the dielectric 
element can be utilized as a capacitor with a large electrostatic capacity. ' 
[0091] According to a 19th aspect of the invention, there is provided a dielectric element having a dielectric body 
comprised of a piezoelectric ceramic composition produced by the method of production of the 14th or 15th aspect of 
5 the Invention. 

[0092] The dielectric element of the 1 9th aspect of the invention has a dielectric body comprised of a piezoelectric 
ceramic composition obtained by the above method of production. Therefore, the dielectric element directly utilizes 
the superior properties of the piezoelectric ceramic composition and can be utilized as a capacitor with a large elec- 
trostatic capacity etc. 

10 

(4) Means for Solving the Problem IV 

[0093] According to a 20th aspect of the invention, there is provided a piezoelectric ceramic composition having a 
compound of a general formula {Lix(Ki.yNay)^.x}(Nb^.z.^Ta2Sbvv)03 where x, y, z. and w are in the ranges of 0<x<0.2, 
. 15 0<y<1 , 0<z^0.4, and 0<w^0.2 as a main ingredient, wherein the piezoelectric ceramic composition contains at least 
one metal element selected from silver, aluminum, gold, boron, barium, bismuth, calcium, cerium, cobalt, cesium, 
copper, dysprosium, erbium, europium, iron, gallium, gadolinium, germanium, hafnium, holmlum, indium, iridium, lan- 
thanum, lutetium, magnesium, manganese, neodymium, nickel, palladium, praseodymium, plat'num, rubidium, rtie- 
nium, ruthenium, scandium, silicon, samarium, tin, strontium, terbium, titanium, thulium, vanadium, yttrium, ytterbium, 

20 zinc, and zirconium, a total of the contents of the added elernents is 0.0005 mol to 0.15 mol with respect to 1 mole of 
the compound of the above general formula, and an open porosity is not more than 0.4 vol%. 
[0094] AS described above, the piezoelectric ceramic composition of the invention has a general formula of a type 
of perovskite structure ABO3 wherein elements of A site comprise either K and Na; or K, Na and Li; while elements of 
B site comprise Nb, Ta and Sb. In this formula, the ideal perovskite structure is attained when A:B Is 1 :1 (i.e. a stoichi- 

25 ©metric ratio). However, for the purpose of the invention, the ratio A/B may vary because especially several % (e.g. 
-3%) of K, Na, Li and Sb may vaporize during sintering process, arid all of the constituent elements may also vary to 
some extent (e.g. 3%) during mixing, milling or granulating. Thus, the stoichiometric composition may sometimes vary 
depending on the variation in manufacturing processes. Therefore, there are many cases where the formulation ratio 
of starting materials is intentionally adjusted in light of such a variation. It is true of conventional manufacturing proc- 

30 . esses for PZT, wherein the fomnulatlon ratio is commonly adjusted, taking into account that lead may vaporize during 
sintering and zirconia may be mingled as a contaminant from milling media of zirconia balls. For the purpose of the 
Invention, the variation of the ratio A/B is allowed to the extent of ±5 mol% to obtain acceptable eliectric properties. 
Preferably, the variation of the ratio A/B Is within ±3 mol% to obtain higher electric properties due to less lattice defect. 
[0095] Next, the action and effects of the present Invention will be explained. The piezoelectric ceramic composition 

35 of the present invention is a composition not containing lead. Therefore, the piezoelectric ceramic composition is safe 
In that its waste etc. do not leach harmful lead into the natural world. 

[0096] Further, the piezoelectric ceramic composition contains the compound of the above general formula and con- 
tains the above added elements in the above range. Therefore, when sintering the piezoelectric ceramic composition 
at the time of fabrication, the added elements act as sintering aids to promote densrfication and enable easy sintering. 
40 Therefore, a good quality piezoelectric ceramic compositioni having a high apparent density and small number of pores 
is formed. Note that the porosity is the amount of pores caused inside and at the back surface of the piezoelectric 
ceramic composition expressed by vol%, while the open porosity is the amount of depressions formed at the front 
surface of the piezoelectric ceramic composition expressed by vol%. 

[0097] Further, the piezoelectric ceramic composition of the present invention has a low open porosity of not more 
45 than 0.4 vol7o. Therefore, the piezoelectric ceramic composition can be utilized as a piezoelectric element superior in 
mechanical strength, resistant to degradation, and high in reliability such as a piezoelectric actuator, a piezoelectric 
vibrator, a surface wave filter, a piezoelectric sensor element, an ultrasonic motor, and a piezoelectric transfonmer 
[0098] Further, the piezoelectric ceramic composition of the present Invention contains a compound of the above 
general fomriu la {Lix(Ki.xNay)i.xl(Nbi.z.vvT"azSbvv)03 as its main ingredient. Therefore, the piezoelectric ceramic com- 
50 position utilizes the superior piezoelectric and dielectric properties of the compound of the above general formula such 
as the piezoelectric d3^ constant, electromechanical coupling coefficient Kp, piezoelectric g^^ constant, mechanical 
quality factor Qm, relative dielectric constant, dielectric loss, and Curie temperature and becomes superior in these 
properties. Therefore, the piezoelectric ceramic composition can be utilized for a high performance piezoelectric ele- 
ment and dielectric element. 

55 [0099] Note that a composition of the above general formula {Lix(Ki.yNay)i.x} (Nbi.2.y^Ta2Sb,^)03 not containing the 
above added elements will be referred to below as the "basic composition". 

[0100] According to a 21 st aspect of the invention, there is provided a method of production of a piezoelectric ceramic 
composition comprising mixing and sintering a compound of a general fomiula {UxCK^.yNayji.xXNbi.^-w'^^SbJOa 
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where x, y, z. and w are In the ranges of 0<x<0.2, 0<y<1 , 0<z<0.4. and 0<w<0.2 and an additive including at least one 
metal element selected from silver, aluminum, gold, boron, barium, bismuth, calcium, cerium, cobalt, cesium, copper, 
dysprosium, erbium, europium, iron, gallium, gadolinium, gemianium, hafnium, holmium, indium, iridium, lanthanum! 
lutetium, magnesium, manganese, neodymium, nickel, palladium, praseodymium, platinum, rubidium, rhenium, ruthe- 
nium, scandium, silicon, samarium, tin, strontium, terbium, titanium, thulium, vanadium, yttrium, ytterbium, zinc, and 
zirconium. 

[0101] The mixture obtained by mixing the compound of the above general fomnula and the above additive can be 
sintered under ordinary pressure. Therefore, it is possible to fire it simply and at a low cost. 

[0102] In particular, the piezoelectric ceramic composition of the above general fomriula has an additive containing 
the above metal elements added to It. Therefore, the added e laments act as sintering aids and the piezoelectric ceramic 
composition becomes easier to sinter at the time of sintering. As a result, it is possible to improve the apparent density 
of the piezoelectric ceramic composition after sintering and possible to make formation of large pores at the front 
surface and inside more difficult and reduce the porosity and open porosity. Therefore, it is possible to improve the 
mechanical strength of the piezoelectric ceramic composition after sintering. 

[0103] The piezoelectric ceramic composition obtained after sintering has the above additive added to it, so has at 
(east part of at least one type of the lithium, potassium, sodium, niobium, tantalum, and antimony of the compound of 
the above general fomiula substituted by at least one type of metal element selected from silver, aluminum, gold, boron, 
barium, bismuth, calcium, cerium, cobalt, cesium, copper, dysprosium, erbium, europium, iron, gallium, gadolinium! 
gennanium, hafnium, holmium, indium, iridium, lanthanum, lutetium, magnesium, manganese, neodymium. nickel, 
palladium, praseodymium, platinum, rubidium, rhenium, ruthenium, scandium, silicon, samarium! tin, strontiurri, terbi- 
um, titariium, thulium, vanadium, yttrium, ytteriaium, zinc, and zirconium or has the above metal elements or oxides or 
perovskite structure compounds containing the same Included in the grains or at the grain boundaries of the piezoe- 
lectric ceramrc composition. Note that the "containing an additive" in this specification includes all of the above mean- 
ings. 

[0104] Further, the piezoelectric ceramic composition obtained after sintering does riot contain lead and is superior 
in piezoelectriadgi constant, electromechanical coupling coefficient Kp, piezoelectric g^^ constant, mechanical quality 
factor Qm, relative dielectric constant, dielectric loss. Curie temperature, and other piezoelectric and dieledric prop- 
erties. Therefore; it can be used as a material for a high pert^ormance piezoelectric element or dielectric element. 
[01 05] According to a 22nd aspect of the invention, there is provided a method of production of a piezoelectric ceramic 
composition comprising mixing a compound containing lithium, a compound containing sodium, a compound containing 
potassium, a compound containing niobium, a compound cpntaining tantalum, and a compound containing antimony 
by a stoichiometric ratio giving, after sintering, a compound of a general fonnula {Llx(Ki.yNay)^.x}(Nbi.z.v,Ta2SbJ03 
where x, y, z, and w are in the ranges of 0<x<0.2, 0^<1 . 0<z<0.4, and 0<w<0.2 or a stoichiometric ratio considering 
substitution by a metal element contained in the following additive, mixing an additive containing at least one metal- 
element selected from silver, aluminum, gold, boron, barium, bismuth, calcium, cerium, cobalt, cesium, copper, dys- 
prosium, ert^ium, europium, iron i gallium, gadolinium, gemnanium, hafnium, holmium, Indium, Iridium, lanthanum, lute- 
tium, magnesium, nranganese, neodymium, nickel, palladium, praseodymium, platinum, njbidium, rhenium, ruthenium, 
scandium, silicon, samarium, tin, strontium, terbium, titanium, thulium, vanadium, yttrium, ytterbium, zinc, and zirconi- 
um, and sintering the result. 

[0106] In the 22nd aspect of the invention, as explained above, a compound containing lithium, a compound con- 
taining sodium, a compound containing potassium, a compound containing niobium, a compound containing tantalum, 
a compound containing antimony, and an additive containing at least one metal element selected from silver, aluminum! 
gold, boron, barium, bismuth, calcium, cerium, cobalt, cesium, copper, dysprosium; erbium, europium, iron, gallium! 
gadolinium, germanium, hafnium, holmium. indium, iridium, lanthanum, lutetium, magnesium, manganese, neodym- 
ium, nickel, palladium, praseodymium, platinum, rubidium, rhenium, ruthenium, scandium, silicon, samarium, tin, stron- 
tium, terijium. titanium, thulium, vanadium, yttrium, ytterbium, zinc, and zirconium are mixed and sintered in the' above 
stoichiometric ratio. Due to this, It Is possible to easily obtain the piezoelectric ceramic composition of the 20th aspect 
of the invention. 

[0107] Further, the piezoelectric ceramic composition obtained after sintering has the above additive added to It, so 
in the same way as in the 21st aspect of the invention, has at least part of at least one type of the lithium, potassium, 
sodium, niobium, tantalum', and antimony of the compound of the above general fomnula substituted by at least one 
type of metal element selected from silver, aluminum, gold, boron, barium, bismuth, calcium, cerium, cobalt, cesium, 
copper, dysprosium, eriDium, europium, iron, gallium, gadolinium, germanium, hafnium, holmium, indium, iridium, lan- 
thanum, lutetium, magnesium, manganese, neodymium, nickel, palladium, praseodymium, platinum, rubidium,' riie- 
nium, mthenium, scandium; silicon, samarium, tin. strontium, terbium, titanium, thulium, vanadium, yttrium, ytterbium, 
zinc, and zirconium or has the above metal elements or oxides or perovskite structure compounds containing the same 
included In the grains or at the grain boundaries of the piezoelectric ceramic composition. 

[0108] At this time, when mixing a cornpound containing lithium, a compound containing sodium, a compound con- 
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taining potassium, a compound containing niobium, a compound containing tantalum, a compound containing antimo- 
ny, and the above additive by a stoichiometric ratio considering substitution by metal elements included in the additive, 
It is possible to positively substitute at least part of at least one type of the lithium, sodium, potassium, niobium, tantalum, 
and antimony in the compound of the general formula with the metal elements included in the additive. 

5 [0109] The "mixing ... considering substitution by metal elements included in the additive** can be reiallzed, for ex- 
ample when substituting the lithium of the compound of the above general formula by a metal element of the additive, 
reducing the amount of the compound containing the lithium and adding and mixing in the above additive in exactly 
the reduced amount and, overall, by mixing by a stoichiometric ratio so as to give a compound of the general formula 
{Uj((Ki.yNay)i.y){Nb^.2.wTazSbw)03 after sintering. When substituting the potassium, sodium, niobium, tantalum, or 

10 antimony in the above general fonmula as well, it is possible to realize this by reducing the amount of the compound 
containing the same and adding an additive containing the nnetal element desired to be substituted by in exactly the 
reduced amount. 

[0110] On the other hand, by mixing a compound containing lithium, a compound containing sodium, a compound 
containing potassium, a compound containing niobium, a compound containing tantalum, and a compound containing 
IS antimony by a stoichiometric ratio giving a compound of the above general formula {Lix(Ki.yNay).,. JCNb^.^-wTa^Sb^) 
O3 after sintering and further mixing the above additive into this and sintering the result, it is possible to positively 
produce a plezoeiectric ceramic composition containing the above metal elements or oxides or perovskite structure 
compounds containing the same. 

[0111] Further, in the 22nd aspect of the invention, the composition can be sintered at ordinary pressure. Therefore, 
20 the piezoelectric ceramic composition can be produced simply and at a low cost. Further, the piezoelectric ceramic . 

composition obtained after sintering does not contain lead, is high in apparent density, has a small porosity and open. 

porosity, and is superior in piezoelectric properties or dielectric properties. Therefore, it is superior in mechanical 

strength and can be used as a material for a high performance piezoelectric element and dielectric element etc. 

[0112] According to a 23rd aspect of the invention, there Is provided a piezoelectric element having a piezoelectric 
25 body comprised of a piezoelectric ceramic composition of the 20th aspect of the invention. 

[0113] The piezoelectric element of the 23rd aspect of the invention has a piezoelectric body comprised of the p:t^- 

zoelectric ceramic composition of the 20th aspect of the invention. Therefore; the piezoelectric element does not contain 

lead and is safe to the environment. 

[0114] Further, the piezoelectric element utilizes the property of the piezoelectric ceramic composition of being high 
30 in apparent density and low in porosity and open porosity and becomes superior in mechanical strength. 

[0115] Further, the piezoelectric element enables the direct utilization of the property of the piezoelectric ceramic 

composrtion of being superior in piezoelectric properties. Therefore, the piezoelectric element can be utilized as a 

piezoelectric sensor having a high sensitivity, a piezoelectric vibrator and actuator having a high electromechanical 

energy conversion efficiency, etc. 
35 [0116] According to a 24th aspect of the invention, there is provided a piezoelectric element having a piezoelectric 

body comprised of a piezoelectric ceramic composition produced by the method of production of the 21st or 22nd 

aspect of the invention. 

[0117] The piezoelectric element of the 24th aspect of the invention has a piezoelectric body comprised of a piezo- 
electric ceramic composition obtained by the above method of production. Therefore, the piezoelectric element directly 
40 utilizes the superior properties of the piezoelectric ceramic composition, is superior in mechanical properties, and can 
be utilized as a piezoelectric sensor having a. high sensitivity, a piezoelectric vibrator and actuator having a high elec- 
tromechanical energy conversion efficiency, etc. 

[0118] According to a 25th aspect of the invention, there is provided a dielectric element having a dielectric body 
comprised of a piezoelectric ceramic composition of the 20th aspect of the invention. 

45 [Oil 9] The dielectric element of the 25th aspect of the invention has a dielectric body comprised of the piezoelectric 
ceramic composition of the 20th aspect of the invention. Therefore, the dielectric element does not contain lead and 
is safe to the environment. Further, the dielectric element enables the direct utilization of the properties of the piezo- 
electric ceramic composition, is superior in mechanical strength, and is superior in relative dielectric constant and other 
dielectric properties. Therefore, the dielectric elennent can be utilized as a capacitor with a large electrostatic capacity. 

50 [0120] According to a 26th aspect of the Invention, there is provided a dielectric element having a dielectric body 
comprised of a piezoelectric ceramic composrtion produced by the method of production of the 21st or 22nd aspect of 
the invention. 

[0121] The dielectric element of the 26th aspect of the invention has a dielectric body comprised of a piezoelectric 
ceramic composition obtained by the above method of production. Therefore, the dielectric element directly utilizes 
55 the superior properties of the piezoelectric ceramic composition, is superior in mechanical strength, and can be utilized 
as a capacitor with a large electrostatic capacity etc. 
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(5) Means for Solving the Problem V 

[0122] According to a 27th aspect of the invention, there is provided a piezoelectric ceramic composition having a 
compound of a general fomnula {U^(Ki.yNay)i.J (Nbi.3.„Ta2SbJ03 where x, y. z. and w are in the ranges of 0^<0.2, 
5 b<y<1 , 0<2<0.4, and 0<w<0.2 as a main Ingredient, wherein the piezoelectric ceramic composition contains at least 
one metal element selected from magnesium, calcium, strontium, and barium as an added element, and a total of the 
contents of the added elements Is 0.0001 mol to 0.1 0 mol with respect to 1 mole of the compound of the above general 
formula. 

[0123] The above additive may be added to the above piezoelectric ceramic composition having the general formula 

10 by substitutional addition or external addition. 

[0124] Further, according to a 28th aspect of the invention, there is provided a piezoelectric ceramic composition 
having a compound of a general fonnula {Li^(Ki.yNay)i.^(Nbi.3.^Ta2SbJ03 where x. y. z. and w are in the ranges of 
0<x<0.2, 0<y<1. 0<z<0.4. and 0<w<0.2 as a main ingredient, wherein the piezoelectric ceramic composition contains 
at least one metal element selected from silicon, Indium, and scandium as an added element, and a total of the contents 

IS of the added elements is not more than 0.08 mol with respect to 1 mole of the compound of the above general formula. 
[0125] The above additive may be added to the above piezoelectric ceramic composition having the general formula 
by substitutional addition or external. addition, 

[0126] Preferably, the total of the contents of said added elements is 0.0001 mol to 0.08 mol with respect to 1 mole 

of the compound of the above general fonnula. 
20 [0127] Further, according to a 29th aspect of the invention, there is provided a piezoelectric ceramic composition 

having a compound of a general fonnula {Lix(Ki.yNay)^. J(Nbi.2.^Ta2SbJ03 where x, y. z, and w are in the ranges of 

0<x£0.2, 0<y<1 , 0<z<0.4, and 0<w^0.2 as a main ingredient, wherein the piezoelectric ceramic composition contains 

bismuth as an added element, and a content of the added element is 0.0001 mol to 0.004 mol with respect to 1 mole 

of the compound of the above general fonnula. 
?5 [01 28] The above additive may be added to the above piezoelectric ceramic composition having the general formula 

by substitutional addition or external addition. 

[0129] As described above, the piezoelectric ceramic composition of the Invention has a general formula of a type 
of perovskite structure ABO3 wherein elements of A site comprise either K and Na; or K, Na and Li; while elements of 
B site comprise Nb, Ta and Sb. In this formula, the ideal perovskite structure is attained when A:B is 1:1 (i.e. a stoichi- 
30 • ometric ratio). However, for the purpose of the invention, the ratio A/B may vary because especially several % (e.g. 
3%) of K, Na, Li and Sb may vaporize during sintering process, and all of the constituent elements may also vary to 
some extent (e.g. 3%) during mixing, milling or granulating. Thus, the stoichiometric composition may sometimes vary 
depending on the variation in manufacturing processes. Therefore, there are many cases where the formulation ratio 
of starting materials is Intentionally adjusted in light of such a variation. It Is tme of conventional manufacturing proe- 
ms esses for PZT, wherein the fomnulation ratio is commonly adjusted, taking into account that lead may vaporize during 
sintering and zirconia may be mingled as a contaminant from milling media of zirconia balls. For the purpose of the 
invention, the variation of the ratio A/B is allowed to the extent of ±5 mol% to obtain acceptable electric properties. 
Preferably, the variation of the ratio A/B is within ±3 riiol% to obtain higher electric properties due to less lattice defect. 
[0130] Next, the action and effects of the 27th to 29th aspects of the present invention will be explained. The piezo- 
to electric ceramic composition of each of the 27th to 29th aspects of the present invention is a composition not containing 
lead. Therefore, the piezoelectric ceramic composition is safe in that its waste etc. do not leach harmful lead into the 
niatural worid. 

[0131] Further, the piezoelectric ceramic composition of each aspect contains the compound of the above general 
fonnula and has the x, y, z. and w in the above genei-al formula in the above ranges. Therefore, the piezoelectric 

5 ceramic composition is superior in the piezoelectric dg^ constant, electromechanical coupling coefficient Kp. piezoe- 
lectric g^^ constant, mechanical quality factor Qm, and other piezoelectric properties, the relative dielectric constant 
^331^^0^ dielectric loss tanS, and other dielectric properties, and Curie temperature Tc. Note that a composition of the 
above general formula {U^(Ki.yNay)^.J (Nb^.^^.^Ta^SbJOa "ot containing the above added elements will be referred- 
to below as the "basic composition". 

o [01 32] The piezoelectrte ceramic composition of the 27th aspect of the invention contains, in addition to the compound 
of the basic composition of the above general formula, at least one type of metal element selected from magnesium; 
calcium, strontium, and barium as added elements in a total in the above range of content. The piezoelectric ceramic 
composition of the 28th aspect of the invention contains, in addition to the compound of the basic composition of the 
above general fomriula, at least one type of metal element selected from silicon, indium, and scandium as added 

5 elements in a total in the above range of content. The piezoelectric ceramic composition of the 29th aspect of the 
invention contains, in addition to the compound of the basic composition of the above general fonnula. bismuth as an 
added element In the above range of content. 

[01 33] Therefore, the piezoelectric ceramic composition of each of the 27th to 29th aspects of the invention is further 
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improved in at least one property among the piezoelectric d^^ constant, piezoelectric constant, electromechanical 
coupling coefficient Kp, and relative dielectric constant e^sj^^^ more superior even compared wrth a piezoelectric 
ceramic composition of the above general formula not containing the added elements. 

[0134] In this way, the piezoelectric ceramic composition of each of the 27th to 29th aspects of the invention does 
5 not contain lead and therefore is safe to the environment and further has superior piezoelectric properties, so can be 
utilized as a high performance piezoelectric element. 

[0135] Further, the piezoelectric ceramic composition of each aspect is superior in the relative dielectric conotar.t, 
dielectric loss, and other dielectric properties in addition to the above piezoelectric properties. Therefore, the piezoe - 
lectric ceramic composition of each of the 27th to 29th aspects of the invention can be utilized as a high performance 
10 dielectric element as well. That is, the piezoelectric ceramic composition of each aspect is not limited to a piezoelectric 
ceramic composition having piezoelectric properties and includes In concept a dielectric ceramic composition having 
dielectric properties as well. 

[01 36] According to a 30th aspect of the invention, there is provided a method of production of a piezoelectric ceramic 
composition comprising mixing and sintering a compound of a general formula {Lix(K^.yNay)^.J(Nbi.2.yvTa2Sbyv)03 
15 where x, y, z, and w are in the ranges of 0^^0.2 0<y^1 . 0<z^0.4, and 0<w^0.2 and an additive including at least one 
metal element selected from magnesium, calcium, strontium, and barium. 

[01 37] The above additive may be added to the above piezoelectric ceramic composition having the general formula 
by substitutional addition or external addition. 

[0138] According to a 31 st aspect of the invention, there is provided a method of production of a piezoelectric ceramic 
20 composition comprising ..mixing and sintering a^compound of a general formula {Lix(Kt.yNay)i.x}(Nbi.2.^rTa2Sb^^)03 
where x, y, z, and w are in the ranges of 0<x^0.2,.0^y^1 , 0<z^0.4, and 0<w^0.2 and an additive including at least one 
metal element selected from silicon, indium, and scandium. 

[0139] The above additive may be added to the above piezoelectric ceramic composition having the general formula 
by substitutional addition or external addition. 

25 [01 40] According to a 32nd aspect of the invention, there is provided a method of production of a piezoelectric ceramic 
composition comprising mixing and sintering a compound of a general formula {Lix(K.,.yNay)i.J(Nbvz.vyTa2Sb^)03 
where. X, y, z, and w are in the ranges of 0<x<0.2, 0<y<1, 0<z<0.4, and 0<w<0.2 and an additive including bismuth. 
[0141] , The above additive may be added to the above piezoelectric ceramic composition having the general formula 
by substitutional addition or external addition. 

30 [0142] The mixture obtained by mixing the compound of the above general formiila and the above additive in. each 
of the 30th to 32nd aspects of the invention can be sintered under ordinary pressure. Therefore, it is possible to tun it 
simply and at a low cost. Further, the piezoelectric ceramic composition obtained after sintering does not contain leaa 
and is superior in piezoelectric d3^ constant, electromechanical coupling coefficient Kp, and other piezoelectric prop- 
erties or relative dielectric constant, dielectric loss, and other dielectric properties. Therefore, It can be used as a 

35 material for a high performance piezoelectric element or dielectric element. 

[0143] Further, in the 30th aspect of the invention, the piezoelectric ceramic composition obtained after sintering has 
the above additive added to it, so has at least part of at least one type of the lithium, potassium, sodium, niobium, 
tantalum, and antimony of the compound of the above general formula substituted by at least one type of metal el erne nt 
selected from magnesium, calcium, strontium,' and barium or has the above metal elements or oxides or perovskite 

40 structure compounds containing the same included in the grains or at the grain boundaries of the piezoelectric ceramic 
composition. 

[0144] Further, in the 31st aspect of the invention, the piezoelectric ceramic composition obtained after sintering has 
the above additive added to it, so has at least part of at least one type of the lithium, potassium, sodium, niobium, 
tantalum, and antimony of the compound of the above general formula substituted by at least one type of metal element 

45 selected from silicon, indium, and scandium or has the above metal elements or oxides or perovskite structure com- 
pounds containing the same included in the grains or at the grain boundaries of the piezoelectric ceramic composition. 
[0145] Further, in the 32nd aspect of the invention, the piezoelectric ceramic composition obtained after sintering 
has the above additive added to It, so has at least part of at least one type of the lithium, potassium, sodium, niobium, 
tantalum, and antimony of the compound of the above general formula substituted by bismuth or has the bismuth or 

50 oxides or perovskite structure compounds containing the same included in the grains or at the grain boundaries of the 
piezoelectric ceramic composition. 

' [0146] According to a 33rd aspect of the invention, there is provided a method of production of a piezoelectric ceramic 
composition comprising preparing a compound containing lithium, a compound containing sodium, a compound con- 
taining potassium, a compound containing niobium,' a compound containing tantalum, and a compound containing 
55 antimony by a stoichiometric ratio giving, after sintering, a compound of a general fonnula {Lix(Ki.yNay)i.J(Nb^.2-w'^QzS- 
bw)03 where x, y, z, and w are in the ranges of 0<x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2 or a stoichiometric ratio con- 
sidering substitution by a metal, element contained in the following additive, mixing an additive containing at least one 
metal element selected from magnesium, calcium, strontium, and barium, and sintering the result. 
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[01 47] According to a 34th aspect of the invention . there Is provided a method of production of a piezoelectric ceramic 
composition comprising preparing a compound containing lithium, a compound containing sodlum, a compound con- 
taining potassium, a compound containing niobium, a compound containing tantalum, and a compound containing 
antimony by a stoichiometric ratio giving, after sintering, a compound of a general fonTiula{Ux(K^.yNa^^ j(Nbi Ta S- 
b JO3 where x, y, 2, and w are In the ranges of 0<xs0.2, 0<y<1 . 0<z<0.4, and 0<w<0.2 or a stoichiometric ratio con- 
sidering substitution by a nnetai element contained in the following additive, mixing an additive containing at least one 
metal element selected from silicon, indium, and scandium, and sintering the result. 

[0148] According to a 35th aspect of the invention, there is provided a method of production of a piezoelectric ceramic 
composition comprising preparing a compound containing lithium, a compound containing sodium, a compound con- 
taining potassium, a compound containing niobium, a compound containing tantalum, and a compound containing 
antimony by a stoichiometric ratio giving, after sintering, a compound of a general fomiula {Li^CKi Na^)^ j(Nb^ ^^Ta S- 
bw)03 where x. y, z, and w are in the ranges of 0<x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2 or a stoichiometric ratio con- 
sidering substitution by a metal element contained in the following additive, mixing ah additive containing bismuth, and 
sintering the result. 

[0149] According to the 33rd, 34th, and 35th aspects of the invention, it is possible to simply fabricate piezoelectric 
ceramic compositions of the 27th, 28th, and 29th aspects of the invention. Further, in the 33rd, 34th. and 35th aspects 
of the invention, the compositions can be sintered at ordinary pressure. Therefore, the piezoelectric ceramic compo- 
sitions can be produced simply and at a low cost. Further, the piezoelectric ceramic compositions obtained after sin- 
tering do not contain lead and are superior In piezoelectric properties and dielectric properties. Therefore, they can be 
utilized as materials for a high perfomiance piezoelectric element or dielectric element. 

[01 50] Further, in the 33rd aspect of the invention, the piezoelectric ceramic composition obtained after sintering has 
the above additive added to it, so has at least part of at least one type of the Irthium, potassium, sodium, niobium, 
tantalum, and antimony of the pompound of the above general fomiula substituted by at least one type of metal element 
selected from magnesium, calcium, strontium, and barium or has the above metal elements or oxides or perovskite 
structure compounds containing the same included in the grains or at the grain boundaries of the piezoelectric ceramic 
composition. 

[0151] Further, in the 34th aspect of the Invention, the piezoelectric ceramic composition obtained after sintering has 
the above additive added to it, so has at least part of at least one type of the lithium, potassium, sodium, niobium, 
tantalum, and antimony of the compound of the above general fomiula substituted by at least onetype of metal element 
selected from silicon, indium, and scandium or has the above metal elements or oxides or perovskite structure com- 
pounds containing the same included in the grains or at the grain boundaries of the piezoelectric ceramic composition. 
[01 52] Further, in the 35th aspect of the invention, the piezoelectric ceramic composition obtained after sintering has 
the above additive added to it. so has at least part of at least one type of the lithium, potassium, sodium, niobium, 
tantalum, and antimony of the compound of the above general formula substituted by bismuth or has the bismuth or 
oxides or perovskite structure compounds containing the same included in the grains or at the grain boundaries of the 
piezoelectric ceramic composition, 

[0153] In the 33rd to 35th aspects of the invention, when mixing a compound containing lithium, a compound con- 
taining sodium, a compound containing potassium, a compound containing niobium, a compound containing tantalum, 
a compound containing antimony, and the above additive by a stoichiometric ratio considering substitution by metal 
elements included in the additive. It is possible to positively substitute at least part of at least one type of the lithium, 
sodium, potassium, niobium, tantalum, and antimony in the compound of the general formula with the metal elements 
or bismuth atoms Included in the additive. 

[0154] The "preparing ... considering substitution by metal elements included in the additive" in the 33rd and 34th 
aspects of the invention and the "preparing... considering substitution by bismuth atoms included in the additive" can 
be realized, for example when substituting the lithium of the compound of the above general formula by a metal element 
or bismuth atoms of the additive, reducing the anriount of the compound containing the lithium and adding and mixing 
in the above additive in exactly the reduced amount and. overall, by mixing by a stoichiometric ratio so as to give a 
compound of the general formula {Lix{Ki.yNay)i.^KNbi.^.wTa^Sb JO3 after sintering. 

[0155] When substituting the potassium, sodium, niobium, tantalum, or antimony In the above general formula as 
well, it is possible to realize this by reducing the amount of the compound containing the same and adding an additive 
containing the metal element or bismuth atoms desired to be substituted by in exactly the reduced amount. 
[0156] On the other hand, by preparing a compound containing lithium, a compound containing sodium, a compound 
containing potassium, a compound containing niobium, a compound containing tantalum, and a compound containing 
antimony by a stoichiometric ratio giving a compound of the above general fonnula {Lix(Ki.yNay)i JCNb^.^.^Ta^SbJ 
O3 after sintering or before sintering and further mixing the above additive into this, it is possible to posltively'produce 
a piezoelectric ceramic composition containing the above metal elements or bismuth or oxides or perovskite structure 
compounds containing the same. 

[0157] According to a 36th aspect of the invention, there is provided a piezoelectric element having a piezoelectric 
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body comprised of a piezoelectric ceramic composition of the 27th to 29th aspects of the invention. 
[0158] The piezoelectric element of the 36th aspect of the invention has a piezoelectric body comprised of the pie- 
zoelectric ceramic composition of the 27th to 29th aspect of the invention. Therefore, the piezoelectric element does 
not contain lead and is safe to the environment. 
• 5 [0159] Further, the piezoelectric element enables the direct utilization of the property of the piezoelectric ceramic 
composition of being superior in properties such as the piezoelectric d3^ constant. Therefore, the piezoelectric element 
can be utilized as a piezoelectric sensor having a high sensitivity or a piezoelectric element having a high electrome- 
chanical energy conversion efficiency such as a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, pie- 
zoelectric transfomner, piezoelectric ultrasonic motor, piezoelectric gyrosensor, knock sensor, yaw rate sensor, air bag 
10 sensor, back sonar, comer sonar, piezoelectric buzzer, piezoelectric speaker, and piezoelectric ignitor 

[0160] According to a 37tK aspect of the invention, there is provided a piezoelectric element having a piezoelectric 
body comprised of a piezoelectric ceramic composition produced by the method of production of the 30th to 35th 
aspects of the Invention. 

[0161] The piezoelectric element of the 37th aspect of the invention has a piezoelectric body comprised of a piezo- 
*5 electric ceramic composition obtained by the method of production of the 30th to 35th aspects of the invention. There- 
fore, the piezoelectric element directly utilizes the superior properties of the piezoelectric ceramic composition and can 
be utilized as a piezoelectric sensor having a high sensitivity or a piezoelectric element having a high electromechanical 
energy conversion efficiency such as a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, piezoelectric 
transformer, piezoelectric ultrasonic motor, piezoelectric gyrosensor, knock sensor, yaw rate sensor, air bag sensor, 
20 back sonar, comer sonar, piezoelectric buzzer, piezoelectric speaker, and piezoelectric ignitor. 

[0162] According to a 38th aspect of the Invention, there |s provided a dielectric element having a dielectric body 
comprised of a piezoelectric ceramic composition of the 27th to 29th aspects of the invention. 

[01 63] The dielectric element of the 38th aspect of the invention has a dieiectric body comprised of the piezoelectric 

ceramic composition of the 27th to 29th aspects of the invention. Therefore, the dielectric element does not contain 
25 lead and is safe to the environment. Further, the dielectric element enables the direct utilization of the property of the 

piezoelectric ceramic composition of being superior in the relative dielectric constant, dielectric loss, etc. Therefore, 
. the dielectric element can be utilized as a capacitor with a large electrostatic capacity. 
. . [0164] According to a 39th aspect of the invention, there is provided a dielectric element having a dielectric body 

comprised of a piezoelectric ceramic composition produced by the method of production of the 30th to 35th aspect-; 
30 of the invention. 

[0165] The dielectric element of the 39th aspect of the invention has a dielectric body comprised of a' piezoelectric 
ceramic composition obtained by the method of production of the 30th to 35th aspects of the invention. Therefore, the 
dieiectric element directly utilizes the superior properties of the piezoelectric ceramic composition and can be utilized 
as a capacitor with a large electrostatic capacity etc. 

35 

BRIEF DESCRIPTION OF THE DRAWINGS 

[01 66] These and other objects and features of the present invention will become clearer from the following descrip- 
tion of the preferred embodiments given with reference to the attached FIG. 1 which is a view explaining the relationship 
40 between the value of y in the above general formula {Lix(Ki.yNay)^.J(Nbi.2-w"'f^zS*^w)^3 piezoelectric dg^ con- 

stant. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

45 [01 67] Preferred embodiments of the present invention will be described in detail below while referring tothe attached 

figures. 

(1) Invention I 

50 [0168] In the present invention I, the piezoelectric ceramic composition is expressed by a general formula {Li^ 
(Ki.yNay)^.x}(Nb.,.2.wTa2Sb^)03 and has an x, y, z, and w in the ranges of 0<x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2. Here, 
when x>0.2, z>0.4, w>0.2, z=0, or w=0, the piezoelectric d^^ constant and other properties unique to the piezoelectric 
ceramic composition drop and a piezoelectric ceramic composition having the desired properties is liable to not be 
able to be obtained any longer. 

55 [0169] Further, the range of y in the general formula {Lix(k^.yNay).|.x}(Nbi.2-wT'^zSbvv)03 is preferably 0<x<0.85. 

[0170] Further, in the general formula {Ux(Ki.yNay)i:3j)(Nbi.2_wTa2Sb„)03, preferably z+w<0. 37. In this case, the pi- 
ezoelectric d3i constant and other properties unique to the piezoelectric ceramic composition can be further improved. 
[0171] The piezoelectric ceramic composition has piezoelectric properties and dielectric properties and can be used 
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as a piezoelectric body and as a dielectric body. Specifically, it can be used for example as a piezoelectric actuator, 
piezoelectric filter, piezoelectric vibrator, piezoelectric transformer, piezoelectric ultrasonic motor, piezoelectric gyro- 
scope, knock sensor, yaw rate sensor, air bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezoelectric 
speaker, piezoelectric ignitor, etc. 

s [0172] In the first aspect of the invention, preferably the range of x in the general formula {Lix(K-,.yNay)^.J 
(Nb^.2.„Ta2Sb^)03 is 0<x<0.2. In this case, since lithium becomes an essential ingredient, the piezoelectric ceramic 
composition can be more easily prepared as a sintered body at the time of sintering, the piezoelectric properties can 
be further Improved, and the Curie temperature can be further raised. This is because the inclusion of lithium as an 
essential ingredient in the above range causes the sintering temperature to drop, the lithium functions as a sintering 

^0 aid, and sintering with little pores becomes possible. 

[0173] Next, the value of x in the general formula {Lix(Ki.yNay)i.J(Nbi.2.^^Ta2Sb^)03 can be made x=0. In this case, 
the above fomriula is expressed by (Ki.yNay)(Nbi.2.y,,Ta2SbJ03. Further, in this case, when preparing the piezoelectric 
ceramic composition, since the materials do not include any compound containing the lightest weight lithium such as 
Li2C03, when mixing the materials to prepare the piezoelectric ceramic composition, it is possible to reduce the variation 

15 in properties due to segregation of the powder materials. Further, in this case, a high relative dielectrk: constant and 
relatively large piezoelectric g constant can be realized. 

[0174] Further, preferably the range of y in the general formula {Lix(Ki.yNay),.x(Nb^.3.^Ta2SbJ03 is made 0<y<1 , In 
this case, it is possible to further improve the piezoelectric g^^ constant of the piezoelectric ceramic composition. 
Further, the range of y is more preferably 0.05<y<0.75. In this case, it is possible to further improve the piezoelectric 
20 d3i constant and electromechanical coupling coefficient Kp of the piezoelectric ceramic composition.. More preferably, 
0.05<y<0.75, 0.35<y<0.65, or even 0,35<y<0.65. Most preferably 0.42<y<0.60. 

[0175] Further, in the above general fomnula, the value of y may be made y=0. In this case, the general fomnula is 
expressed by {LixK)i.^}(Nbi.2.^Ta2Sb JO3. Further, in this case, the piezoelectric ceramic composition does not contain 
sodium and therefore the dielectric loss and the long-tenm stability of the dielectric loss of the piezoelectric ceramic 

25 composition can be improved. 

[0176] Next, preferably the piezoelectric ceramic composition has a piezoelectric d^^ constant of not less than 30 
pmA^. In this case, it is possible to make use of the high piezoelectric 6^^ constant of at least 30 pnrW and utilize the 
piezoelectric ceramic composition for a high sensitivity piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, 
piezoelectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sensor, air 

30 bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezoelectric speaker, piezoelectric ignitor, etc. 

[0177] If the piezoelectric constant is less than 30 pm/V, the piezoelectric ceramic composition is liable to be 
unable to be utilized for a piezoelectric element requiring a superior sensitivity. Further, to obtain more sensitive superior 
. piezoelectric sensor properties or larger piezoelectric actuator pi-operties, the piezoelectric constant Is more prefr 
erably at least 40 pm/v Still more preferably^ it is at least 80 pnrVv. Even more preferably, the piezoelectric dg^ constant 

33 should be at least 1 00 pm/v. 

[0178] Next, preferably the piezoelectric ceramic composition has a piezoelectric g^^ constant of not less than 7 x 
10-3 Vm/N. In this case, it is possible to make use of the high piezoelectric g^^ constant of at least 7 x 10*3 Vm/N and 
utilize the piezoelectric ceramic composition for a superior booster ratio piezoelectric transformer, ultrasonic motor, 
sensor, etc. 

40 [0179] If the piezoelectric g3^ constant is less than 7x10-3 Vm/N, the piezoelectric ceramic composition is liable to 
be unable to be utilized for a piezoelectric element requiring a superior booster ratio. Further, to obtain an element 
more superior in booster ratio, the piezoelectric g3^ constant, is more preferably made at least 10 x 10*3 Vm/N. 
[0180] Next, preferably the piezoelectric ceramic composition has an electromechanical coupling coefficient Kp of 
not less than 0.3. In this case, it is possible to make use of the high electromechanical coupling coefficient Kp of at 

45 least 0.3 and utilize the. piezoelectric ceramic composition for a piezoelectric element superior in conversion efficiency 
of mechanical energy and electrical energy such as a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, 
piezoelectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sensor, air 
bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezoelectric speaker, piezoelectric ignitor, etc. 
[0181] If the electromechanical coupling coefficient is less than 0.3, the piezoelectric ceramic composition is liable 

50 to be unable to be utilized for a piezoelectric element requiring a superior conversion efficiency of mechanical energy 
and electrical energy. Further, to obtain more superiorconversion efficiency of mechanical energy and electrical energy, 
the electromechanical coupling coefficient Kp Is more preferably at least 0.34. Still more preferably, it is at least 0.4. 
Even more preferably, the electromechanical coupling coefficient Kp should be at least 0.5. 

[0182] Next, preferably the piezoelectric ceramic composition has a dielectric loss of not more than 0.09. In this case, 
55 it is possible to make use of the low dielectric loss of not more than 0.09 and utilize the piezoelectric ceramic composition 
for a capacitor or other dielectric element or a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, piezoe- 
lectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sensor, air bag 
sensor, back sonar, comer sonar, piezoelectric buzzer, piezoelectric speaker, piezoelectric ignitor, etc. 
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[0183] If the dielectric loss is more than 0.09, the piezoelectric ceramic composition is liable to be unable to be utilized 
for a capacitor or other dielectric elennent or piezoelectric transformer, ultrasonic motor, etc. Further the dielectric loss 
is more preferably not more than 0.035. 

[0184] Next, preferably the piezoelectric ceramic composition has a relative dielectric constant of not less than 400. 

5 In this case, it is possible to make use of the high relative dielectric constant of at least 400 and utilize the piezoelectric 
ceramic composition for a capacitor having a large electrostatic capacity or other dielectric element. 
[01 85] If the relative dielectric constant is less than 400, the electrostatic capacity drops and the piezoelectric ceramic 
composition Is liable to be unable to be utilized for a capacitor or other dielectric element. The relative dielectric constant 
is more preferably at least 430. Still more preferably, it is at least 600. 

10 [01 86] Next, preferably the piezoelectric ceramic composition has a Curie temperature Tc of not less than 200**C. In 
this case, it is possible to make use of the high Curie temperature Tc of at least aOO^'C and utilize the piezoelectric 
ceramic composition in a high temperature environment exceeding 100**C such as near an automobile engine. If the 
Curie temperature Tc is less than 200°C, if using the piezoelectric ceramic composition at a high temperature location 
such as near an automobile engine, the piezoelectric constant, electromechanical coupling coefficient Kp, and 

15 other properties are liable to drop.. Further, the Curie temperature Tc is more preferably at least 250°C. 

[0187] Next, preferably the piezoelectric ceramic composition has a piezoelectric d3., constant of not less than 30 
pmA/ and a Curie temperature Tc of not less than 200**C. In this case, it is possible to use the piezoelectric ceramic 
composition in a high temperature environment of a temperature of over 1 00°C as a high sensitivity sensor, ultrasonic 
motor, actuator, piezoelectric transformer, piezoelectric vibrator, etc. 

^ . . [0188]. Further, to obtain more sensitive superior piezoelectric sensor properties or larger piezoelectric actuator prop- 
erties, the piezoelectric d^-i constant is more preferably at least 40 pmA/. Still more preferably, rt is at least 80 pnW. 
Even more preferably, the piezoelectric 6^-^ constant should be at least 1 00 pm/v. Further, the Curie temperature Tc is 
more preferably at least 250'*C. 

[0189] Next, preferably, the piezoelectric ceramic composition has a piezoelectric g3.j constant of not jess than 7 x 
25 1 0-3 Vm/N and a Curie temperature Tc of not less than 200**C. In this case, it Is possible to use the piezoelectric ceramic 
composition In a high temperature environment of a temperature of over 1 00**C as a superior booster ratio piezoelectric 
transformer, ultrasonic motor, sensor, etc. 

[0190] Further, to obtain a more superior booster ratio, the piezoelectric g3.i constant is more preferably at least 10 
X 1 0-3 Vnn/N. Further, the Curie temperature Tc Is more preferably at least 250**c. 

30 [0191] Next, preferably, the piezoelectric ceramic composition has an electromechanical coupling coefficient Kp of 
not less than 0.3 and a Curie temperature Tc of not less than 200'*C, In this case, it is possible to use the piezoelectric 
ceramic composition in a high temperature environment of a temperature of over 100°C as a piezoelectric element 
superior in conversion efficiency of mechanical energy and electrical energy such as a piezoelectric actuator, piezoe- 
lectric vibrator, sensor, piezoelectric transformer, ultrasonic motor, etc. 

35 [0192] Further, to obtain a more superior conversion efficiency of mechanical energy and electrical energy, the elec- 
tromechanical coupling coefficient Kp is more preferably at least 0.34. More preferably, it should be at least 0.4. Further, 
the Curie temperature Tc is more preferably at least 250°C. 

[01 93] Next, preferably the piezoelectric ceramic composition has a dielectric loss of not more than 0.09 and a Curie 
temperature Tc of not.less than 200*'C. In this case, It is possible to use the piezoelectric ceramic composition in a high 
40 temperature environment of a temperature of over 1 0O'C as a capacitor or other dielectric element or a piezoelectric ' 
trjansformer, ultrasonic motor, sensor, etc. Further, the dielectric loss is more preferably not more than 0.035. Further, 
the Curie temperature TC is more preferably at least 250°C. 

[0194] Next, preferably the piezoelectric ceramic composition has a piezoelectric d3t constant of not less than 30 
pmA/, an electromechanical coupling coefficient Kp of not less than 0.3, and a Curie temperature TC of not less than 
4^' 200°C. In this case, it Is possible to use the piezoelectric ceramic composition in a high temperature environment of a 
temperature of over 1 0O^'C and obtain a superior sensitivity and conversion efficiency of mechanical energy and elec- 
trical energy. 

[0195] Further, to obtain more sensitive superior piezoelectric sensor properties or larger piezoelectric actuator prop- 
erties, the piezoelectric d3.t constant is more preferably at least 40 pnW. Further, the electromechanical coupling co- 

50 efficient Kp is more preferably at least 0.34. 

. [0196] Further, In the third aspect of the invention, the compound containing lithium includes for example Li2C03, 
□20, LiNOg, LiOH, etc. The compound containing sodium includes Na2C03, NaHCOg, NaN03, etc. 
[0197] Further, the compound containing potassium includes KgCOg, KNO3, KNbOa, KTa03, etc. The compound 
containing niobium includes for example Nb205, Nb203, Nb02, etc. The compound containing tantalum includes Ta205 

55 etc. The compound containing antimony includes for example Sb205, Sb203, Sb204, etc. 

[01 98] Preferably, the compound containing lithium is Li2C03, the compound containing sodium is Na2C03, the com- 
pound containing potassium Is K2CO3, the compound containing niobium is Nb205, the compound containing tantalum 
is TagOg, and the compound containing antimony is Sb205 or Sb203. In this case, it Is possible to easily fabricate the 
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piezoelectric ceramic composition. 

[0199] Next, in the fourth aspect of the invention, the piezoelectric element includes for example a piezoelectric 
actuator, piezoelectric filter, piezoelectric vibrator, piezoelectric transformer, piezoelectric ultrasonic motor, piezoelec- 
tric gyrosensor, knock sensor, yaw rate sensor, air bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezo- 
5 electric speaker and piezoelectric igniter 

[0200] Next, in the fifth aspect of the invention, the dielectric element includes for example a capacitor, multilayer 
capacitor, etc. 

(2) Invention II 

10 

[0201] In the sixth to eight aspects of the invention, the piezoelectric ceramic composition of the general fomnula {Li^ 
(Ki.yNay)i.J(Nbi.2.^Ta2SbJ03 has ranges of x. y, z, and w of 0<x^0.2, 0<y<1 , 6<2^0.4, and 0<w<0.2. Here, when 
x>0.2, z>0.4, w>0.2, 2=0, or w=0, the piezoelectric di^-i constant and other piezoelectric properties and dielectric prop- 
erties drop and a piezoelectric ceramic composition having the desired properties is liable to not be able to be obtained 
IS any longer. 

[0202] Further, the range of y in the general formula {Lix(Kv.y)i.x}(Nb.,.2.^Taj,Sb^)03 is preferably 0<x<0.85. 
[0203] Further, the range of x in the general formula {Lix(Ki.yNay)^ J(Nbi.2.^Ta^SbJ03 is pretarably 0<x<0.2. In this 
case, since lithium becomes an essential ingredient, the piezoelectric ceramic composition can be more easily sintered 
at the time of production, the piezoelectric properties can be further improved, and the Curie temperature Tc can be 

20 further raised. This is because the inclusion of lithium as an essential ingredient in the above range causes the sintering 
temperature to drop, the lithium functions as a sintering aid, and sintering with little pores becomes possible. 
[0204] Further, the value of x in the general fomnula {Li,,(Ki.yNay)i.J(Nbi.^.^Ta2Sb^)03 can be made x=0. In this 
case, the above fomnula is expressed by (Ki.yNay)(Nbi.2.wTa2SbJ03. Further, in this case, when preparing the pie- 
zoelectric ceramic composition, since the materials do not include any compound containing the lightest weight lithium 

25 such as LI2CO3, when mixing the materials to prepare the piezoelectric ceramic composition, it is possible to reduce 
the. variation in^properties due to segregation of the powder materials. Further, in this case, a high relative dielectric 
constant and relatively large piezoelectric g constant can be realized. 

[0205] In the sixth aspect of the invention, the piezoelectric ceramic composition contains at least one type of metal 
element selected from palladium, silver, gold, ruthenium, rhodium, rhenium, osmium, iridium, and platinum as an added 
30 element and the total of the contents of the added elements is 0.001 mol to 0.15 mol with respect to 1 mol of the 
compound of the above general formula. 

[0206] If the total of the contents is less than 0,001 mol or over 0.1 6 mol, the piezoelectric dg^ constant etc. of the 
piezoelectric cerannic composition drop and a piezoelectric ceramic composition having the desired properties is liable 
to be unable to be obtained. Note that the contents of the added elements are the number of moles of the metal 

35 elements of palladium, silver, gold, ruthenium, rhodium, rhenium, osmium, iridium, and platinum. 

[0207] The added elements may be present as the fonn of at least one type of metal element selected from palladium, 
silver, gold, ruthenium,. rhodium, rhenium, osmium, iridium, and platinum substituting at least part of the lithium, potas- 
sium, sodium, niobium, tantalum, and antimony of the compound of the general fomiula {LixCK^ ■yNay)^. J(Nbi.2.„Ta2S- 
b^)03 or in the form of the above metal elements, oxides or perovskite structure compounds, or other compounds 

<o containing the same present in the grains or at the grain boundaries of the piezoelectric ceramic composition. 

[0208] In particular, silver, palladium, gold, and other metal elements which can become +1 or +2 values can be 
present substituting at least part of the lithium, potassium, sodium, niobium, tantalum, and antimony of the compound 
of the above general formula. On the other hand, palladium, ruthenium, rhenium, osmium, iridium, platinum, and other 
metal elements which can become +3 to +6 values may be present substituting at least part of the niobium, tantalum, 

^ and antimony of the compound of the above general formula. Further, by adopting such a substitution and solid solution 
state, the piezoelectric dg., constant and other properties can be further improved. 

[0209] Next, preferably the piezoelectric dg-, constant of the piezoelectric ceramic composition is larger than a pie- 
zoelectric d^-i constant of a piezoelectric ceramic composition of the above general formula not containing the added 
elements. If larger than the piezoelectric d^^ constant of a piezoelectric ceramic composition of the above general 

50 formula not containing the added elements (basic piezoelectric ceramic composition), the effects of the added elements 
can be sufficiently obtained and application to a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, piezo- 
electric transfonmer, piezoelectric ultrasonic motor, piezoelectric gyrosensor, knock sensor, yaw rate sensor, air bag 
sensor, back sonar, comer sonar, piezoelectric buzzer, piezoelectric speaker, and piezoelectric igniter becomes easier. 
[0210] The "larger than a piezoelectric d^^ constant of a piezoejectric ceramic composition of the above general 

55 formula not containing the added elements" means that the piezoelectric d^^ constant of the piezoelectric ceramic 
composition containing the added elements is larger than that of the basic piezoelectric ceramic composition having 
the basic composition of the piezoelectric ceramic composition not containing the above added elements. The same 
is true for the later mentioned electromechanical coupling coefficient Kp, piezoelectric.g3^ constant, relative dielectric 
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constant, dielectric loss, and Curie temperature Tc as well. 

[0211] Next, preferably an electronnechanical coupling coefficient Kp of the piezoelectric ceramic composition is 
larger than an electromechanical coupling coefficient Kp of a piezoelectric ceramic composition of the above general 
formula not containing the added elements. If larger than the eiectromechanical coupling coefficient Kp of a piezoelectric 

5 ceramic composition of the above general fonmula not containing the added elements (basic piezoelectric ceramic 
composition), the effects of the added elements can be sufficiently obtained and application to a piezoelectric actuator, 
piezoelectric filter, piezoelectric vibrator, piezoelectric transformer, piezoelectric ultrasonic motor, piezoelectric gyro- 
sensor, knock sensor, yaw rate sensor, air bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezoelectric 
speaker, and piezoelectric ignitor becomes easier. 

10 [0212] Next, preferably a piezoelectric g3^ constant of the piezoelectric ceramic composition is larger than a piezo- 
electric g3^ constant of a piezoelectric ceramic composition of the above general formula not containing the added 
elements. If larger than the electromechanical coupling coefficient Kp of a piezoelectric ceramic composition of the 
above general formula not containing the added elements (basic piezoelectric ceramic composition), the effects of the 
added elements can be sufficiently obtained and applk:ation to a piezoelectric actuator, piezoelectric filter, piezoelectric 

15 vibrator, piezoelectric transformer, piezoelectric ultrasonic motor, piezoelectric gyrosensor, knock sensor, yaw rate 
sensor, air bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezoelectric speaker, and piezoelectric ignitor 
becomes easier. 

[0213] Next, preferably a relative dielectric constant of the piezoelectric ceramic composition is larger than a relative 
dielectric constant of a piezoelectric ceramic composition of the above general formula not containing the added ele- 

20 ments. If larger than the relative dielectric constant of a piezoelectric ceramic composition of the above general formula 
not containing the added elements (basic piezoelectric ceramic composition), the effects of the added elements can 
be sufficiently obtained and application to a capacitor or other dielectric element becomes easier. 
[0214] Next, preferably a dielectric loss of the piezoelectric ceramic composition is smaller than a dielectric loss of 
a piezoelectric ceramic composition of the above general formula not containing the added elements. If smaller than 

25 the dieiectric loss of a piezoelectric ceramic composition of the above general fonnula not containing the added ele- 
ments (basic piezoelectric ceramic composition), the effects of the added elements can be sufficiently obtained and 
application to a capacitor or other dielectric element becomes easier. 
• [0215] Next, preferably a Curie temperature Tc of the piezoelectric ceramic composition is larger than a Curie tem- 
perature of a piezoelectric ceramic composition of the above general formula not containing the added elements. If 

30 larger than the Curie temperature Tc of a piezoelectric ceramic composition of the above general formula hot containing 
the added elements (basic piezoelectric ceramic composition), the effects of the added elements can be sufficiently 
obtained and use in a high temperature environment of over 1 00^'C such as near an automobile engine becomes easier. 
[0216] Next, preferably the piezoelectric ceramic composition has a piezoelectric ds^ constant of not less than 30 
pmA/. In this case, It is possible to make use of the high piezoelectric dg^ constant of at least 30 pmA/ and utilize the 

35 piezoelectric ceramic composition for a high sensitivity piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, 
piezoelectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sensor, air 
bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezoelectric speaker, piezoelectric ignitor, etc. 
[0217] If the piezoelectric constant is less than '30 pm/V, the piezoelectric ceramic composition is liable to be 
unable to be utilized for a piezoelectric element requiring a superior sensitivity. Further, to obtain more sensitive superior 

40 piezoelectric sensor properties or larger piezoelectric actuator properties, the piezoelectric dg^ constant is more pref- 
erably at least 40 pm/v. Still more preferably, it is at least 80 pmA/. Even more preferably, the piezoelectric dg^ constant 
should be at least 1 00 pm/V. 

[0218] Next, preferably the piezoelectric ceramic composition has an electromechanical coupling coefficient Kp of 
not less than 0.3. In this case, it is possible to make use of the high electromechanical coupling coefficient Kp of at 

45 least 0.3 and utilize the piezoelectric ceramic composition for a piezoelectric element superior in conversion efficiency 
of mechanical energy and electrical energy such as a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, 
piezoelectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sensor, air 
bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezoelectric speaker, piezoelectric ignitor, etc. 
[0219] If the electromechanical coupling coefficient is less than 0.3, the piezoelectric, ceramic composition is liable 

50 to be unable to be utilized for a piezoelectric element requiring a superior conversion efficiency of mechanical energy 
and electrical energy. Further, to obtain more superior conversion efficiency of mechanical energy and electrical energy, 
the electromechanical coupling coefficient Kp is more preferably at least 0.34. Still more preferably, it is at least 0.4. 
Even more preferably, the eiectromechanical coupling coefficient Kp should be at least 0.5. 

[0220] Next, preferably. the. piezoelectric ceramic composition has a piezoelectric 93., constant of not less than 7 x 
55 10-3 Vm/N. In this case, It is possible to make use of the high piezoelectric constant of at least 7x10-3 vm/N and 
utilize the piezoelectric ceramic composition for a. superior booster ratio piezoelectric transformer, ultrasonic motor, 
sensor, etc. 

[0221] If the piezoelectric g3., constant is less than 7x10-3 Vnn/N, the piezoelectric ceramic composition is liable to 
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be unable to be utilized for a piezoelectric element requiring a superior booster ratio. Further, to obtain an element 
more superior in booster ratio, the piezoelectric constant is more preferably made at least 8x10"^ Vm/N. 
[0222] Next, preferably the piezoelectric ceramic composition has a relative dielectric constant of not less than 400. 
In this case, it is possible to make use of the high relative dielectric constant of at least 400 and utilize the piezoelectric 
5 ceramic composition for a capacitor having a large electrostatic capacity or other dielectric element. 

[0223] If the relative dielectric constant is less than 400, the electrostatic capacity drops and the piezoelectric ceramic 
composition is liable to be unable to be utilized for a capacitor or other dielectric element. The relative dielectric constant 
is more preferably at least 430. Still more preferably, it is at least 600. 

[0224] Next, preferably the piezoelectric ceramic composition has a dielectric loss of not more than 0.09. In this case, 
10 it is possible to make use of the low dielectric loss of not more than 0.09 and utilize the piezoelectric ceramic composition 
for a capacitor or other dielectric element or a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, piezoe- 
lectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sensor, air bag 
sensor, back isonar, comer sonar, piezoelectric buzzer, piezoelectric speaker, piezoelectric igniter, etc. 
[0225] Ifthe dielectric loss is more than 0.09, the piezoelectric ceramic composition is liable to be unable to be utilized 
15 for a capacitor or other dielectric element or piezoelectric transformer, ultrasonic motor, etc. Further the dielectric loss 
is more preferably not more than 0.035. More preferably, it should be not more than 0.025. 

[0226] Next, preferably the piezoelectric ceramic composition has a Curie temperature Tc of not less than 2.00**C. In 
this case, it is possible to make use of the high Curie temperature Tc of at least 200*'C and utilize the piezoelectric 
ceramic composition in a high temperature environment exceeding 1 00*'C such as near an automobile engine. If the 
20 Curie temperature Tc is less than 200°C, if using the piezoelectric ceramic composition at a high temperature location 
such as near an automobile engine, the piezoelectric ds^ constant, electromechanicar coupling coefficient Kp, and 
other properties are liable to drop. Further, the Curie temperature TC Is more preferably at least 250*'C. 
[0227] Next, preferably the piezoelectric ceramic composition has a piezoelectric dg., constant of not less than 30 
pm/V and a Curie temperature TC of not less than 200°C. In this case, it is possible to use the piezoelectric ceramic 
composition in a high temperature environment of a temperature of over 1 00**C as a high sensitivity sensor, ultrasonic 
• motor, actuator, piezoelectric transformer, piezoelectric vibrator, etc. 
[0228] Further, to obtain more sensitive superior piezoelectric sensor properties or larger piezoelectric actuator prop- 
erties, the piezoelectric 6^^ constant is more preferably at least 40 pnrW. Still more preferably, ft is at least 80 pm/V. 
Even more preferably, the piezoelectric 6^^ constant should be at least 100 pm/V. Further, the Curie temperature Tc 
30 is more preferably at least 250°C. 

[0229] Next,, preferably, the piezoelectric ceramic composition has a piezoelectric g^^ constant of not less than 7 x 
1 0-3 Vm/N and a Curie temperature Tc of not less than 200°C. In this case, it is possible to use the piezoelectric ceramic 
composition In a high temperature environment of a temperature of over 1 00*C as a superior booster ratio piezoelectric 
transformer, ultrasonic motor, sensor, etc. 

[0230] Further, to obtain a more superior booster ratio, the piezoelectric g^^ constant is more preferably at least 8 x 
10-3 Vm/N. Further the Curie temperature TC is more preferably at least 250'C. 

[0231] Next, preferably, the piezoelectric ceramic composition has an electromechanicar coupling coefficient Kp of 
not less than 0.3 and a Curie temperature Tc of not less than 200*'C. In this case, it is possible to use the piezoelectric 
ceramic composition in a high temperature environment of a temperature of over lOO'^C as a piezoelectric element 
superior in conversion efficiency of mechanical energy and electrical energy such as a piezoelectric actuator, piezoe- 
lectric vibrator, sensor, piezoelectric transformer, ultrasonic motor, etc. 
[0232] Further, to obtain a more superior conversion efficiency of mechanical energy and electrical energy, the elec- 
tromechanical coupling coefficient Kp is more preferably at least 0.34. More preferably, it should be at least 0.4. Further, 
the Curie temperature Tc is more preferably at least 250''C. 
45 [0233] Next, preferably the piezoelectric ceramic composition has a dielectric loss of not more than 0.09 and a Curie 
temperature Tc of not less than 200°C. In this case, it is possible to use the piezoelectric ceramic composition in a high 
temperature environment of a temperature of over lOO'C as a capacitor or other dielectric element or a piezoelectric 
transformer, ultrasonic motor, sensor etc. Further, the dielectric loss is more preferably not more than 0.035. More 
preferably, it should be not more than 0.02. Further, the Curie temperature Tc is more preferably at least 250**C. 
[0234] Next, preferably the piezoelectric ceramic composition has a piezoelectric dg^ constant of not less than 30 
pm/V, an electromechanical coupling coefficient Kp of not less than 0.3, and a Curie temperature Tc of not less than 
200''C. In this case, it is possible to use the piezoelectric ceramic composition in a high temperature environment of a 
temperature of over 1 0O'C and.obtain a superior sensitivity and conversion efficiency of mechanical energy and elec-^ 
trical energy. 

[0235] Further, to obtain more sensitive superior piezoelectric sensor properties or larger piezoelectric actuator prop- 
erties, the piezoelectric d^^ constant is more preferably at least 40 pm/V. Further, the electromechanical coupling co- 
efficient Kp is more preferably at least 0.34. 

[0236] Further, in a seventh or eighth aspect of the invention , the additive includes at least one metal element selected 
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from palladium, silver, gold, ruthenium, rhodium, rhenium, osmium, Iridium, and platinum or a compound including 
these metal elements. 

[0237] As a result ot addition of the additive, the metal element contained in the additive sometimes is included in 
the piezoelectric ceramic composition as an added element by substitution of at least part of at least one type of the 
5 lithium, potassium, sodium, niobium, tantalum, and antimony of the compound of the general formula {Lijj(K^.yNay)i.x} 
(Nbi .2-w'^^zSbw)03 afte^ sintering. Further, sometimes the metal elements or oxides or perovskite structure compounds 
containing the metal elements are included in th^ grains or at the grain boundaries of the piezoelectric ceramic com- 
position. 

[0238] Further, In the eighth aspect of the invention, the compound containing lithium includes for example Li2CC.^^. 
io Li20. LiN03, LIOH, etc. The compound containing sodium includes NagCOg, NaHCOg, NaNOg, etc. 

[0239] Further, the compound containing potassium includes KgCOg, KNO3, KMbOg, KTaOg, etc. The compound 
containing niobium includes for example NbgOg, NbgOg, NbOg, etc. The compound containing tantaluni includes TagOs 
etc. The compound containing antimony includes for example SbgOs, SbgOs, Sb204, etc. 

[0240] Preferably, the compound containing lithium is Li2C03, the compound containing sodium Is Na2C03, the com- 
15 pound containing potassium is K2CO3, the compound containing niobium is NbgOs, the compound containing tantalum 
is TagOg, and the compound containing antimony is SbgOg or Sb203. The additive Is preferably at least one type 
selected from PdOg, AggO. Au, AugO, RU2O, RhO, RegOg^ OsOg. IrOg, and PtOa- In this case, it is possible to easily 
fabricate the. piezoelectric ceramic composition. 

[0241 ] Next. In the ninth or 1 0th aspect of the invention, the piezoelectric element Includes for example a piezoelectric 
20 actuator, piezoelectric filter, piezoelectric vibrator, piezoelectric transformer, piezoelectric ultrasonic motor, piezoelec- 
tric gyrosensor, knock sensor, yaw rate sensor, air bag sensor, backsonar, corner sonar, piezoelectric buzzer, piezo- 
electric speaker and piezoelectric Igniter 

[0242] Next, In the nth or 12th aspect of the invention, the dielectrk: element includes for example a capacitor, 
multilayer capacitor, etc. 

25 

(3) Invention III 

[0243] In the 13th to 1 5th aspects of the Invention, the piezoelectric ceramic composition of the general fonnula {Li^ 
(Ki.yNay)^.x}(Nb^.2.V,Ta2SbJ03 has ranges of x, y, z, and w of 0<x<0.2, 0^y<1, 0<z<0.4, and 0<w^0.2. Here, when 
30 x>0.2, z>0.4, w>0.2, z=0, or w=0, the piezoelectric d3i constant and other piezoelectric properties and dielectric prop- 
erties drop and a piezoelectric ceramic composition having the desired properties is liable to not be able to be obtained 
any longer. 

[0244] Further, the range of y In the general fonnula {Lix(Ki.yNay)i.J(Nbi.2.wTa2Sb JO3 is preferably 0<x<0.85, 
[0245] Further, the range of x in the general formula {Ux(K.,.yNay)^.J(Nb.,.2.^Ta2Sb^)03 is preferably 0<x<0,2. In this 

35 case, since lithium becomes an essential ingredient, the piezoelectric ceramic composition can be more easily sintered 
at the time of production, the piezoelectric properties can be further improved, and the Curie temperature Tc can be 
further raised. This is because the inclusion of lithium as an essential Ingredient In the above range causes the sintering 
temperature to drop, the lithium functions as a sintering aid, and sintering with little pores becomes possible. 
[0246] Further, the value of x in the general fonnula {Lix(Ki.yNay)i.J(Nb^.2-w"^a2Sb^)03 can be made x=0. In this 

40 case, the above formula is expressed by (Ki.yNay)(Nb.,.2.w"Ta2Sb^)03. Further, in this case, when preparing the pie- 
zoelectric ceramic composition, since the materials do not include any compound containing the lightest weight lithium 
such as Li2C03, when mixing the materials to prepare the piezoelectric ceramic composition, it is possible to reduce 
the variation in properties due to segregation of the powder materials. Further, In this case, a high relative dielectric 
constant and relatively large piezoelectric g constant can be realized. 

45 [0247] In the 13th aspect of the invention, the piezoelectric ceramic composition contains at least one type of metal 
element selected from nickel, iron, manganese, copper, and zinc as an added element and the total of the contents of 
the added elements is O.OQI mol to 0.08 mol with respect to 1 mol of the compound of the above general formula. 
[0248] If the total of the contents is less than 0.001 mol or over 0.08 mol, the piezoelectric da^ constant, the mechanical 
quality factor Qm, etc. of the piezoelectric ceramic composition drop and a piezoelectric ceramic composition haying 

50 the desired properties is liable to be unable to be obtained. Note that the contents of the added elements are the 
number of moles of the metal elements of nickel, iron, manganese, copper, and zinc. 

[0249] The added elements may be present as the fonm of at least one type of metal element selected from nickel, 
iron, manganese, copper, and zinc substituting. at least part of the lithium, potassium, sodium, niobium, tantalum, and 
antimony of the compound of the general fonnula {Lix(K.,.yNay).,.J(Nbi.2.yyTa2Sb„)03 or in the form of the above metal 
55 elements, oxides or perovskite structure compounds, or other compounds containing the same present in the grains 
or at the grain boundaries of the piezoelectric ceramic composition. 

[0250] The above additive may be added to the above piezoelectric ceramic composition having the general formula 
by substitutional addition or extemal addition. 
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. [0251] In particular, copper, nickel, iron, zinc, and other metal elements which can become +1 or +2 values can be 
present substituting at least part of the lithium, potassium, sodium, niobium, tantalum, and antimony of the compound 
of the above general formula. On the other hand. iron, manganese, and other metal elements which can become +3 
to +6 values may be present substituting at least part of the niobium, tantalum, and antimony of the compound of the 
5 above general f omnula. Further, by adopting such a substitution and solid solution state, the piezoelectric constant 
and other properties can be further improved. 

[0252] Next, preferably the piezoelectric dg^ constant of the piezoelectric ceramic composition is larger than a pie- 
zoelectric dgi constant of a piezoelectric ceramic composition of the above general fomiula not containing the added 
elements. The "larger than a. piezoelectric dg^ constant of a piezoelectric ceramic composition of the above general 

iO formula not containing the added elements" means that the piezoelectric d^^ constant of the piezoelectric ceramic 
composition containing the added elements is larger than that of the basic piezoelectric ceramic composition having 
the basic composition of the piezoelectric ceramic composition and not containing the above added elements. The 
same is true for the later mentioned electromechanical coupling coefficient Kp, piezoelectric g^^^ constant, mechanical 
quality factor Qm, relative dielectric constant, dielectric loss, and Curie temperature Tc as well. 

IS [0253] Next, preferably an electromechanical coupling coefficient Kp of the piezoelectric ceramic composition is 
larger than an electromechanical coupling coefficient Kp of a piezoelectric ceramic composition of the above general 
formula not containing the added elements. 

[0254] Next, preferably a mechanical quality factor Qm of the piezoelectric ceramic composition is larger than a 
mechanical quality factor Qm of a piezoelectric ceramic composition of the above general fonnula not containing the 
20 added elements. 

[0255] If the piezoelectric constant, electromechanical coupling coefficient Kp, piezoelectric Qq^ constant, and 
mechanical quality factor Qm of the piezoelectric ceramic composition are larger than those of the basic piezoelectric 
ceramic composition of the above general formula not containing the added elements, the effects of the added elements 
can be sufficiently obtained and application to a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, piezo- 

25 electric transfomrier. piezoelectric ultrasonic motor, piezoelectric gyrosensor, knock sensor, yaw rate sensor, air bag 
sensor, back sonar, comer sonar, piezoelectric buzzer, piezoelectric speaker, and piezoelectric igniter becomes easier. 
[0256] Next, preferably a relative dielectric consitant of the piezoelectric ceramic composition is larger than a relative 
dielectric constant of a piezoelectric ceramic composition of the above general fonnula not containing the added ele- 
ments. If larger than the relative dielectric constant of a piezoelectric ceramic composition of the above general fonnula 

30 not containing the added elements (basic piezoelectric ceramic composition), the effiects of the added elements can 
be sufficiently, obtained and application to a capacitor pr other dielectric element becomes easier 
[0257] Next, preferably a dielectric loss of the piezoelectric ceramic composition is smaller than a dielectric loss of 
a piezoelectric ceramic composition of the above general formula not containing the added elements. If smaller than 
the dielectric loss of a piezoelectric ceramic compos Ition-of the above general formula not containing the added ele- 

35 ments (basic piezoelectric ceramic composition), the effects of the added elements can be sufficiently obtained and 
application to a capacitor or other dielectric element becomes easier. 

[0258] Next, preferably a Curie temperature Tc of the piezoelectric ceramic composition is larger than a Curie tem- 
perature of a piezoelectric ceramic composition of the above general fonnula not containing the added elements. If 
larger than the Curie temperature Tc of a piezoelectric ceramic composition of the above general formula not containing 

40 the added elements (basic piezoelectric ceramic composition), the effects of the added elements can be sufficiently 
obtained and use in a high temperature environment of over 1 0O^'C such as near an automobile engine becomes easier. 
[0259] Next, preferably the piezoelectric ceramic composition has a piezoelectric d3^ constant of not less than 30 
pmA/. In this case, it is possible to make use of the high piezoelectric d^^ constant of at least 30 pm/v and utilize the 
piezoelectric ceramic composition for a high sensitivity piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, 

45 piezoelectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sensor, air 
bag sensor, back sonar, corner sonar piezoelectric buzzer, piezoelectric speaker, piezoelectric igniter, etc. 
[0260] If the piezoelectric d^^ constant is less than 30 pm/V, the piezoelectric ceramic composition is liable to be 
unable to be utilized for a piezoelectric element of properties sufficient for practical use. Further, to obtain moresensitive 
superior piezoelectric sensor properties or larger piezoelectric actuator properties, the piezoelectric dg^ constant is 

5£> more preferably at least 40 pm/v. Still more preferably, it is at least 80 pmA/. Even more preferably, the piezoelectric 
d3i constant should be at least 100 pm/v. 

[0261] Next,, preferably the piezoelectric ceramic composition has an electromechanical coupling coefficient Kp of 
not less than 0.3. In this case, it is possible to make use of the high electromechanical coupling coefficient Kp of at 
least 0.3 and utilize the piezoelectric ceramic composition for a piezoelectric element superior in conversion efficiency 
?5 of mechanical energy and electrical energy such as a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, 
piezoelectric transfonner, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sensor, air 
bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezoelectric speaker, piezoelectric igniter, etc. 
[0262] If the electromechanical coupling coefficient Is less than 0.3, the piezoelectric ceramic composition Is liable 
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to be unable to be utilized for a piezoelectric element requiring a superior conversion efficiency of mechanical energy 
and electrical energy. Further, to obtain more superior conversion efficiency of mechanical energy and electrical energy, 
the electromechanical coupling coefficient Kp is more preferably at least 0.34. Still more preferably, It is at least 0.4. 
Even more preferably, the electromechanical coupling coefficient Kp should be at least 0.45. 
5 [0263] Next, preferably the piezoelectric ceramic composition has a piezoelectric 93^ constant of not less than 7 x 
10-2 Vm/N. In this case, it is possible to make use of the high piezoelectric constant of at least 7 x 10*3 Vm/N and 
utilize the piezoelectric ceramic composition for a superior booster ratio piezoelectric transformer, ultrasonic motor, 
sensor, etc. 

[0264] If the piezoelectric 93^ constant is less than 7 x 10-^ Vm/N, the piezoelectric ceramic composition is liable to 
10 be unable to be utilized for a piezoelectric element requiring a superior booster ratio. Further, to obtain an element 
more superior in booster ratio, the piezoelectric 93^ constant is more preferably made at least 8.x 10-3 Vm/N. 
[0265] Next, preferably the piezoelectric ceramic composition has a mechanical quality factor Qm of not less than 
50. In this caoe, it is possible to make use of the high mechanical quality factor Qm of at least 50 and utilize the 
piezoelectric ceramic composition for a piezoelectric element with little heat generation and superior in conversion 
15 efficiency of mechanical energy and electrical energy such as a piezoelectric actuator, piezoelectric filter, piezoelectric 
vibrator, piezoelectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sen- 
sor, air bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezoelectric speaker, piezoelectric igniter, etc. 
[0266] If the mechanical quality factor Qm is less than 50, the piezoelectric ceramic composition is liable to be unable 
to be utilized for a piezoelectric element requiring a superior conversion efficiency of mechanical energy and electrical 
20 energy. Further, to obtain more superior conversion efficiency of mechanical energy and electrical energy, the mechan- . 
ical quality factor Qm is more preferably at least 501 more preferably at least 60. . 

[0267] Next, preferably the piezoelectric ceramic composition has a relative dielectric constant of not less than 400. 
In this case, it is possible to make use of the high relative dielectric constant of at least 400 and utilize the piezoelectric 
ceramic composition for a capacitor having a large electrostatic capacity or other dielectric element. 
25 [0268] If the relative dielectric constant is less than 400, the electrostatic capacity drops and the piezoelectric ceramic 
composition is liable to be unable to be utilized for a capacitor or other dielectric element. The relative dielectric constant 
is more preferably at least 430. Still more preferably, It is at least 600. 

[0269] Next, preferably the piezoelectric ceramic composition has a dielectric loss of not more than 0.09. In this case, 
it is possible to make use of the low dielectric loss of not more than 0.09 and utilize the piezoelectric ceramic composition 

30 for a capacitor or other dielectric element or a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, piezoe- 
lectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sensor, air bag 
sensor, back sonar, corner sonar, piezoelectrid buzzer, piezoelectric speaker, piezoelectric igniter, etc. 
[0270] If the dielectric loss is more than 0 .09, the piezoelectric ceramic composition Is liable to be unable to be utilized 
for a capacitor or other dielectric element or piezoelectric transformer, ultrasonic motor, etc. Further, the dielectric loss 

35 is more preferably not more than 0.035. More preferably, it should be not more than 0.025. 

[0271] Next, preferably the piezoelectric ceramic composition has a Curie temperature Tc of not less than aoo^'C. In 
this case, it is possible to make use of the high Curie temperature Tc of at least 200**C and utilize the piezoelectric 
ceramic composition in a high temperature environment exceeding 100*'C such as near an automobile engine. If the 
Curie temperature Tc is less than 200°C, if using the piezoelectric ceramic composition at a high temperature location 

40 such as near an automobile engine, the piezoelectric constant, electromechanical coupling coefficient Kp, and 
other properties are liable to drop. Further, the Curie temperature Tc is more preferably at least 250°C. 
[0272] Next, preferably the piezoelectric ceramic composition has a piezoelectric d3^ constant of not less than 30 
pmA/ and a Curie temperature Tc of not less than 200''C. in this case, it is possible to use the piezoelectric ceramic 
composition in a high temperature environment of a temperature of over 100°C as a high sensitivity sensor, ultrasonic 

45 motor, actuator, piezoelectric transformer, piezoelectric vibrator, etc. 

[0273] Further, to obtain more sensitive superior piezoelectric sensor properties or larger piezoelectric actuator prop- 
erties, the piezoelectric d3^ constant is more preferably at least 40 pm/V. Still more preferably. It is at least 80 pm/V. 
Even more preferably, the piezoelectric 6^^ constant should be at least 1 00 pm/v. Further, the Curie temperature Tc is 
more preferably at least 250'*C. 

so [0274] Next, preferably, the piezoelectric ceramic composition has a piezoelectric 93^ constant of not less than 7 x 
1 6-3 Vm/N and a Curie temperature Tc of not less than 200''C. In this case, it is possible to use the piezoelectric ceramic 
composition in a high temperature environment of a temperature of over 1 0O'^C as a superior booster ratio piezoelectric 
transformer, ultrasonic motor, sensor, etc. 

[0275] Further, to obtain a more superior booster ratio, the piezoelectric 93^ constant is more preferably at least 8 x 
55 10-3 Vm/N. Further the Curie temperature Tc is more preferably at least 250*'C. 

[0276] Next, preferably, the piezoelectric ceramic composition has an electromechanical coupling coefficient Kp of 
not less than 0.3 and a Curie temperature Tc of not less than 200''C. In this case, it is possible to use the piezoelectric 
. ceramic composition in a high temperature environment of a temperature of over lOO'^C as a piezoelectric element 
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superior in conversion efficiency of nnechanical energy and electrical energy such as a piezoelectric actuator, piezoe- 
lectric vibrator, sensor, piezoelectric transformer, ultrasonic nnotor, etc. 

[0277] Further, to obtain a more superior conversion efficiency of mechanical energy and electrical energy, the elec- 
tromechanical coupling coefficient Kp is more preferably at least 0.34. More preferably, it should be at least 0.4. Further, 

5 the Curie temperature Tc is more preferably at feast 250** C. 

[0278] Next, preferably the piezoelectric ceramic composition has a mechanicaf quality factor Qm of not less than 
50 and a Curie temperature Tc of not less than 200°C. In this case, it is possible to use the piezoelectric ceramic 
composition in a high temperature environment of a temperature of over 100°C as a piezoelectric element with little 
heat generation and superior in conversion efficiency of mechanical energy and electrical energy such as apiezoeleccric 

10 actuator, piezoelectric vibrator, sensor, piezoelectric transfonner, ultrasonic motor, etc. Further, the Curie temperature 
TC is more preferably at least 250°C. 

[0279] Next, preferably the piezoelectric ceramic composition has a dielectric loss of not more than 0.09 and a Curie 
temperature TC of not less than 200*»C. In this case, it is possible to use the piezoelectric ceramic composition in a 
high temperature environment of a temperature of over 1 00** C as a capacitor or other dielectric element or a piezoe- 

15 lectric transfonner, ultrasonic motor, sensor, etc. Fiirther, the dielectric loss is more preferably hot more than 0.035. 
More preferably, it should be not more than 0.025. Further, the Curie temperature Tc is more preferably at least 250**C. 
[0280] Next, preferably the piezoelectric ceramic composition has a piezoelectric d^-i constant of not less than 30 
pm/v, an electromechanical coupling coefficient Kp of not less than 0.3, and a Curie temperature Tc of not less than 
200'*C. In this case, it is possible to use the piezoelectric ceramic composition in a high temperature environment of a 

20 temperature of over 1 00**C and obtain a superior sensitivity and conversion efficiency of mechanical energy and elec- 
trical energy. 

[0281 ] Further, to obtain more sensitive superior piezoelectric sensor properties or larger piezoelectric actuator prop- 
erties, the piezoelectric d3^ constant is more preferably at least 40 pm/V. Further, the electromechanical coupling co- 
efficient Kp is more preferably at least 0.34. 

25 [0282] Further, In a 14th or 15th aspect of the invention, the additive includes at least one metal element selected 
from nickel, iron, manganese, copper, and zinc era compound including these metal elements. 
[0283] As a result of addition of the additive, the metal element contained in the additive sometimes is Included in 
the piezoelectric ceramic composition as an added element by substitution of at least part of at least one type of the 
lithium, potassium, sodium, niobium, tantalum, and antimony of the compound of the general formula {Lijj(K^.yNay)^.J 

30 {t^b^.z-^Ta^SbJiO^ after sintering. Further, sometimes the metal elements or oxides or perovskite structure compounds 
containing the metal elements are included in the grains or at the grain boundaries of the piezoelectric ceramic com- 
position, i 

[0284] The above additive may be added to the above piezoelectric ceramic composition having the general formula 
by substitutional addition or external addition. 
35 [0285] Further, In the 15th aspect of the Invention, the compound containing lithium Includes for example Li2C03, 
LigO, LiNOg, LiOH, etc. The compound containing sodium includes NagCOg, NaHC03, NaN03, etc. 
[0286] Further, the compound containing potassium includes K2CO3, KNO3, KNbOs, KTaO^, etc. The compound 
containing niobium Includes for example NbaOs, Nb203, Nb02, etc. The compound containing tantalum Includes Ta205 
etc. The compound containing antimony includes for example Sb205, Sb203, Sb204, etc. 
^ [0287] Preferably, the compound containing lithium Is LigCOg, the compound containing sodium is Na2C03, the com- 
pound cpntaining potassium is KgCOg, the compound containing niobium is Nb205, the compound containing tantalum 
is TagOg, and the compound containing antimony is SbgQg or Sb203. The additive is preferably at least one type 
. selected from NIO, Fe203, Mn205, CU2O, and ZnO. In this case, It is possible to easily fabricate the piezoelectric 
ceramic composition- 
's [0288] Next, in the 1 6th or 1 7th aspect of the invention , the piezoelectric element includes for example a piezoelectric 
actuator, piezoelectric filter, piezoelectric vibrator, piezoelectric transformer, piezoelectric ultrasonic motor, piezoelec- 
tric gyrosensor, knock sensor, yaw rate sensor, air bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezo- 
electric.speaker, and piezoelectric igniter. 

[0289] Next, in the 18th or 19th aspect of the invention, the dielectric element includes for example a capacitor, 
50 multilayer capacitor, etc. 

(4) Invention IV 

[0290] In the present invention, the compound of the general fomnula {Lix(K^.yNay)^. ^{Nb^j^.wTa^Sb JO3 has ranges 
55 of x, y, z, and w of 0<x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2. Here, when x>0.2, z>0.4, w>0.2, z=0, or w=0, the piezoe- 
lectric (^2^ constant and other piezoelectric properties and dielectric properties drop and a piezoelectric ceramic com- 
position having properties able to withstand practical use is liable to not be able to be obtained any longer. 
[0291] Further, the range of y in the general fonnula {Llx{K-,,yNay)i.J(Nbi.2.^Ta2Sb JO3 is preferably 0<x<0.85. 
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[0292] Further, the range of x.in the general fomnula {Ll^ (KvyNay)i.x)(Nbi.2.wTa2SbJ03 is preferably 0<x<0.2. In 
this case, since lithium beconnes an essential ingredient, the piezoelectric ceramic composition can be more easily 
sintered at the time of production, the piezoelectric properties can be further Improved, and the Curie temperature Tc 
can be further raised. This is because the inclusion of lithium as an essential ingredient in the above range causes the 

5 sintering temperature to drop, the lithium functions as a sintering aid, and sintering with little pores becomes possible. 
[0293] Further, the value of x in the general formula {U^(Ki.yNay)^.J(Nb^.2-w''''^S^w)03 can be made x=0. In this 
case, the above formula is expressed by (Ki.yNay) (Nb^.2.wTa2Sb,„)03. Further, in this case, when preparing the pie- 
zoelectric ceramic composition, since the rnaterials do not include any compound containing the lightest weight lithium 
such as LlgCOs, when mixing the materials to prepare the piezoelectric ceramic composition, it is possible to reduce 

to the variation in properties due to segregation of the powder materials. Further, in this case, a high relative dielectric 
constant and relatively large piezoelectric g constant can be realized. 

[0294] In the 20th aspect of the invention, the piezoelectric ceramic composition contains at least one type of metal 
element selected from silver, aluminum, gold, boron, barium, bismuth, calcium, cerium, cobalt, cesium, copper, dys- 
prosium, erbium, europium, iron, gallium, gadolinium, germanium, hafnium, holmium, ^ndium, iridium, lanthanum, lute- 
15 tium, magnesium, manganese, neodymium, nickel, palladium, praseodymium, platinum, rubidium, rhenium, ruthenium, 
scandium, silicon, samarium^ tin, stroritium, terbjum, titanium, thulium, vanadium, yttrium, ytterbium, zinc, and zirconium 
as an added element and the total of the contents of the added elements is 0.0005 mol to 0.1 5 mol with respect to 1 
mol of the compound of the above general formula. 

[0295] If the total of the contents is less than 0,0005 mol, the effects of the apparent density being high and the 

20 porosity and open porosity becoming low arejiable to be unable to be sufficiently obtained. On the other hand., jf the 
total of the contents is more than 0.15 mol, the sintering atthe time of fabrication of the piezoelectric ceramic composition 
becomes difficult. Further after sintering, a crystal phase different from the crystalline structure of the base composition 
appears and the apparent density of the sintered piezoelectric ceramic composition is liable to drop. Further, pores 
form at the front surface and interior of the piezoelectric ceramic composition, the porosity and open porosity become 

25 higher, and the mechanical strength of the piezoelectric ceramic composition is liable to drop. 

[0296] Note that the contents of the added elements are the number of moles of the metal elements of silver, alumi- 
num, gold, boron, barium, bismuth, calcium, cerium, cobalt, cesium, copper, dysprosium, ertDium, europium, iron, gal- 
lium, gadolinium, germanium, hafnium, holmium, indium, iridium, lanthanum, lutetium, magnesium, manganese, neo- 
dymium, nickel, palladium, praseodymium, platinum, rubidium, rhenium, ruthenium, scandium, silicon, samarium, tin, 

30 strontium, terbium, titanium, thulium, vanadium, yttrium, ytterbium, zinc, and zirconium. 

[0297] The added elements may be present as the fomn of at least one type of metal element selected from silver, 
aluminum, gold, boron, barium, bismuth, calcium, cerium, cobalt, cesium, copper, dysprosium, erbium, europium, iron, 
gallium, gadolinium, germanium, hafnium, holmium, indium, iridium, lanthanum, lutetium, magnesium, mariganese, 
neodymium, nickel, palladium, praseodymium, platinum, rubidium, rhenium, ruthenium, scandium, silicon, samarium, 

35 tin, strontium, terbium, titanium, thulium, vanadium, yttrium, ytterbium, zinc, and zirconium substituting at least part of 
the lithium, potassium, sodium, niobium, tantalum, and antimony of the compound of the general formula {Li^ 
(K-j.yNay)i,x}(Nb^.2.wTa2Sby^,)03 or in the fomri of the above metal elements, oxides or perovskite structure compounds, 
or other compounds containing the same present in the grains or at the grain boundaries of the piezoelectric ceramic 
composition. 

40 [0298] In the piezoelectric ceramic composition of the present invention, no matter in which form of the above two 
forms the additive is contained, it is possible to similarly simultaneously obtain a superior apparent density, open po- 
rosity, and porosity. 

[0299] Further, the open porosity of the piezoelectric ceramic composition is not more than 0.4 vol%. If the open 
porosity of the piezoelectric ceramic composition is over 0.4 vot%, the mechanical strength of the piezoelectric ceramic 
45 composition becomes insufficient and application to a piezoelectric element- or dielectric element is liable to become 
difficult. 

[0300] Next, preferably the apparent density of the piezoelectric ceramic composition is larger than the apparent 
density of a piezoelectric ceramic composition of the above general formula not containing the added elements. If the 
apparent density of the piezoelectric ceramic composition is smaller than the apparent density of a piezoelectric ceramic 
so composition of the above general formula not containing the added elements (basic piezoelectric ceramic composition), 
not only cannot the effects of the additive be sufficiently obtained, but also the mechanical strength of the piezoelectric 
ceramic composition is liable to become insufficient. 

[0301] The "larger than the apparent density of a piezoelectric ceramic composition of the above general formula 
not containing the added elements" means that the apparent density of the piezoelectric ceramic composition containing 
. 55 the added elements is larger than that of the basic piezoelectric ceramic composition having the basic composition of 
the piezoelectric ceramic composition not containing the above added elements. 

[0302] Next, preferably at least one of the porosity and open porosity of the piezoelectric ceramic composition is 
smaller than the porosity or open porosity of a piezoelectric ceramic composition of the above general fomnula not 
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containing the added elements. If larger than the porosity or open porosity of a piezoelectric ceramic composition of 
the above general formula not containing the added elements, not only cannot the effects ofthe additive be sufficiently 
obtained, but also the mechanical strength of the piezoelectric ceramic composition is liable to become insufficient. 
[0303] The "smaller than the porosity or open porosity of a piezoelectric ceramic composition of the above general 

s fomnula not containing the added elements" means that the porosity or open porosity of the piezoelectric ceramic 
composition containing the added elements is smaller than thiat of the basic piezoelectric ceramic composition having 
the basic composition of the piezoelectric ceramic composition not containing the above added elements. 
[0304] Further, in a 21st or 22nd aspect of the invention, the additive includes at least one metal element selected 
from silver, aluminum, gold, boron, barium, bismuth, calcium, cerium, cobalt, cesium, copper, dysprosium, erbium, 

10 europium, iron, gallium, gadolinium, gennanium, hafnium, holmium, indium, iridium, lanthanum, lutetium, magnesium, 
manganese, neodymium, nickel, palladium, praseodymium, platinum, rubidium, rhenium, ruthenium, scandium, silicon, 
samarium, tin, strontium, terbium, titanium, thulium, vanadium, yttrium, ytterbium, zinc, and zirconium or a compound 
including these metal elements.. 

[0305] As a result of addition of the additive, the metal element contained in the additive sometimes is included in 
15 the piezoelectric ceramic composition as an added element by substitution of at least part of at least one type of the 
lithium, potassium, sodium, niobium, tantalum, and antimony ofthe compound ofthe general fonnula {Lix(K^.yNay)i.x} 
C*^'^! •z-w'^^Sb^)03 after sintering. Further, sometimes the metal elements or oxides or perovskrte structure compounds 
containing the metal elements are included in the grains or at the grain boundaries of the piezoelectric ceramic com- 
position. 

20 [0306] Further, in the 22nd aspect of the invention, the compound containing lithium includes for example..Ll2C03, 
LigO, LiN03, LiOH, etc. The compound containing sodium includes NaaCOa, NaHCOa, NaNOs. etc. 
[0307] Further, the compound containing potassium Includes KgCOg, KNO3, KNbOa, KTaOg, etc. The compound 
containing niobium includes for example Nb205. NbgO^, NbOg, etc. The compound containing tantalum includes TagOg 
etc. The compound containing antimony includes for example SbgOg, Sb203^ SbgO^, etc. 

25 [0308] Preferably the compound containing lithium is LigCOa, the compound containing sodium is NaaCOg, the com- 
pound containing potassium is K2CO3, the compound containing niobium is Mb205, the compound containing tantalum 
is Ta205, and the compound containing antimony is Sb205 or SbaO^. The additive is preferably at least one type 
selected from AggO, AI2O3, Au, AU2O3, B2O3, H3BO3, BaO, Ba02, BaC03, Bl^O^. CaO, CaCOs, CeOg. 002(003)3, 
OoO. C03O4, O0CO3, CS2CO3. CuO, OugO. Dy203. Er203, EU2O3, Fe203, GaaOa, (S^d^O^, GeO^. HfOa. H0O3, InaOa. 

30 |r02, Ir203, LagOa, LU2O3, MgO, MgC204, MnO, MnOg, Mn203. Mn304, NdgOg, NdgCOa, NIC, NIGO3, PdO, PraOa, 
PreOn. Pr2(C03)3), Pt02, RbgO, Rb2C03, RegOy, RuOg, SC2O3. SiOg, SiO, SiC, SmaOs, SnO, SnOa, SrO, SrC03, 
Tb407, TIG, Ti203, TiOg, Tm203, V2O3, V2O4, V2OS, Y2O3, Y2(C03)3. Yb203, ZnO, and ZrOg. In this case, it is possible 
to easily fabricate the piezoelectric ceramic composition. 

[0309] Next, in the 23rd or 24th aspect of the invention, the piezoelectric element includes for example a piezoelectric 
35 actuator, piezoelectric filter, piezoelectric vibrator, piezoelectric transfomner, piezoelectric ultrasonic motor, piezoelec- 
tric gyrosensor. knock sensor, yaw rate sensor, air bag sensor, back sonar, comer sonar, piezoelectric buzzer, piezo- 
electric speaker, and piezoelectric ignitor. 

[0310] Next, in the 25th or 26th aspect of the invention, the dielectric element includes for example a capacitor, 
multilayer capacitor, etc. 

40 

(5) Invention V 

[0311] In the 27th to 35th aspects of the invention, the piezoelectric ceramic composition of the general formula {Li^ 
(Ki.yNay)i.J(Nbi.2^Ta2Sb^)03 has ranges of x, y, 2, and w of 0^^0.2, 0^y^1 , 0<2^0.4, and 0<w^0.2, Here, when 
x>0.2, z>0.4, w>0.2, z=0. or w=0. the piezoelectric dg^ constant and other piezoelectric properties and dielectric prop- 
erties drop and a piezoelectric ceramic composition having the desired properties is liable to not be able to be obtained 
any longer. 

[0312] Further, the range of y in the general fomnula {Li^(Ki.yNay)i.J(Nbi.2.^Ta2SbJ03 is preferably 0<x<0.B5. 
[0313] Further, the range of x in the general fomiula {U^(K^.yHay)^.^ ^^^^.2•^N'^Siz^^JQQ is preferably 0<x^.2. In 

50 this case, since lithium becomes an essential Ingredient, the piezoelectric ceramic composition can be more easily 
sintered at the tjme of production, the piezoelectric properties can be further improved, and the Curie temperature Tc 
can be further raised. This is because the inclusion of lithium as an essential ingredient in the above range causes the 
sintering temperature to drop, the lithium functions as a sintering aid, and sintering with little pores becomes possible. 
[0314] Further, the value of x in the general fonnula {Li^(K^.yNayji.J(Nbi.£.^Ta2SbJ03 can be made x=0. In this 

55 case, the above fomnula is expressed by (K^.yNay) {Nbi.2_^Ta2SbJ03.. Further, in this case, when preparing the pie- 
zoelectric ceramic composition, since the materials do not include any compound containing the lightest weight lithium 
such as Li2003, when mixing the materials to prepare the piezoelectric ceramic composition, it is possible to reduce 
the variation in properties due to segregation of the powder materials. Further, In this case, a high relative dielectric 
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constant and relatively iarge piezoelectric g constant can be realized. 

[0315] In the 27th aspect of the invention, the piezoelectric ceramic composition contains at least one type of metal 
element selected from magnesium, calcium, strontium, and barium as an added element and the total of the contents 
of the added elements is 0.0001 mol to 0.1 0 mol with respect to 1 mol of the compound of the above general f ornnula. 
5 . [031 6] The above additive may be added to the above piezoelectric ceramic composition having the general fomnula 
by substitutional addition or external addition. 

[0317] If the total of the contents is less than 0.0001 mol or over 0.1 0 mol, the piezoelectric constant, the elec- 
tromechanical coupling coefficient Kp, the relative dielectric constant £337^60, etc. of the piezoelectric ceramic compo- 
sition drop and a piezoelectric ceramic composition having the desired piezoelectric properties and dielectric properties 
10 is liable to be unable to be obtained. Note that the contents of the added elements are the number of moles of the 
metal elements of magnesium, calcium, strontium, and barium, 

[0318] The added elements may be present as the fonm of at least one type of metal element selected from magne- 
sium, calcium, strontium, and barium substituting at least part of the lithium, potassium, sodium, niobium, tantalum, 
and antimony of the compound of the general formula {Ll3((K-,^Nay)^.x}(Nb^.2 oc'^a2Sb^)03. Atoms of magnesium, cal- 
15 clum, strontium, and barium which can become +2 values can be easily made present substituting at least part of the 
lithium, potassium, and sodium of the compound of the above general formula. 

[0319] On the other hand, the added elements may be the above metal elements, oxides or perovskite structure . 
compounds, or other compounds containing the same present in the grains or at the grain boundaries of the piezoe- 
lectric ceramic composition. 

20 [0320] Preferably, the added. elements are contained substituting at least part of the lithium, potassium, and sodium 
of the compound of the above general formula. In this case, the piezoelectric 6^^ constant, electromechanical coupling 
coefficient Kp, and other piezoelectric properties and relative dielectric constant £337/80 and other dielectric properties 
of the piezoelectric ceramic composition can be further improved, 

[0321] Particularly preferably, the added elements may be contained substituting at least part of the lithium, potas- 
25 siumi and sodium of the compound of the above general formula. In this case, the piezoelectric 6^^ constant, electro- 
mechanical couplirig coefficient Kp, and other piezoelectric properties and relative dielectric constant eoQ-x^So and other 
dielectric properties of the piezoelectric ceramic composition can be further improved. 

[0322] Particularly preferably, the at least one type, of metal elements selected from magnesium, calcium, strontium, 
and barium sen/ing as the added elements substitutes at least part of the potassium and/or sodium of the compound 

30 of the aboye general fomnula and the piezoelectric ceramic composition becomes a compound of the general formula 
{Lix('^i-y'^3y)i-x-2u*^^u)(»"^'^i-z-w^^z2*^w)03 (Where, Ma is at least. one type of metal element selected from magnesium, 
calcium, strontium, and barium and x, y, z, w, and u of 0^^0.2, 0<y<l , 0<z<0.4, 0<w^.2, 0.0006<uS0,1). In this case, 
the piezoelectric d3^ constant, electromechanical coupling coefficient Kp, and other piezoelectric properties and relative 
dielectric constant Eqqj^Eq and other dielectric properties of the piezoelectric ceramic composition can be further im- 

35 proved. 

[0323] Further, in the 28th aspect of the invention, the piezoelectric ceramic composition contains at least one metal 
element selected from silicon, indium, and scandium as added elements and the total of the contents of the added 
elements is not more than 0.08. mol with respect to 1 mol of the compound of the above general fonnula. " 
[0324] The above additive may be added to the above piezoelectric ceramic composition having the general formula 

40 by substitutional addition or external addition. 

[0325] if the total of the contents exceeds 0.08 , the piezoelectric d^-i constant, electromechanical coupling coefficient 
Kp, and other piezoelectric properties and relative dielectric constant egaj/eo and other dielectric properties of the 
piezoelectric ceramic corhposition drop and a piezoelectric ceramic composition having the desired piezoelectric prop- 
erties arid dielectric properties is liablei to be unable to be obtained. 

45 [0326] The lower limit of the total of the contents Is preferably made 0.0001 mol so as to suff iciently obtain the effects 
of the added elements. 

[0327] Note that the contents of the added elements are the number of moles of the metal elements of silicon, indium, 
and scandium. 

[0328] The added elements may be present as the fomi of. at least one type of metal element selected from silicon, 
50 indium, and scandium substituting at least part of the niobium, tantalum, and antimony of the compound of the general 
formula {Llx(Ki.yNay)i.jj)(Nbi.2.vv'f''^zSbw)03. A metal element able to become a +3 or +4 value such as silicon, indium, 
and scandium may be easily present substituting at least part of the niobium, tantalum, and antimony of the compound 
of the above general fomnula. 

[0329] On the other hand, the above metal elements may also be the above metal elements, oxides or perovskite 
55 structure compounds, or other compounds containing the same present in the grains or at the grain boundaries of the 

piezoelectric ceramic composition. 

[0330] The above additive may be added to the above piezoelectric ceramic composition having the general. formula 
by substitutional addition or external addition. 
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[0331] In the piezoelectric ceramic composition of the 28th aspect of the invention, no matter in which fomi of the 
above two fomns the added elements are contained, it is possible to similarly obtain superipr piezoelectric properties 
and dielectric properties. 

[0332] Further, in the 29th aspect of the invention, the piezoelectric ceramic composition contains bismuth as an 
5 added element and the content ofthe added element is 0.0001 mol to 0.004 mol with respect to 1 mol of the compound 

of the above general formula. 

[0333] (n the piezoelectric ceramic composition of the 29th aspect of the invention, by including bismuth in the small 
amount of 0.0001 mol to 0.004 mol, the piezoelectric ds^ constant and other properties are improved. If the total of the 
content is less than 0.0001 mol or over 0.004 mol, the piezoelectric d^^ constant, electromechanical coupling coefficient 

io Kp, relative dielectric constant £337/80, etc. of the piezoelectric ceramic composition drop and a piezoelectric ceramic 
composition having the desired piezoelectric properties and dielectric properties is liable to be unable to be obtained. 
[0334] Note that the content of the added element is the number of moles of the metal element bismuth. 
[0335] The added element may be present as the fomri of bismuth atoms substituting at least part of the niobium, 
tantalum, and antimony of the compound ofthe general fonnula {Ux(Ki.yNay)i.J(Nbi.z.,^Ta2SbJ03. A metal element 

15 able to become a +3 value such as bismuth may be easily present substituting at least part of the niobium, tantalum, 
and antimony of the compound of the above general formula, 

[0336] On the other hand, the above metal element may also be the bismuth atoms, oxides or perovskite structure 
compounds, or other compounds containing the same present in the grains or at the grain boundaries of the piezoe- 
lectric ceramic composition. 

20 [0337] The above additiye may be added to the above piezoelectric ceramic composition having the^general formula 
by substitutional addition or external addition. 
. [0338] In the piezoelectric ceramic composition of the 29th aspect of the invention, no matter in which form of the 
above two forms the added elements are contained, it is possible to similarly obtain superior piezoelectric properties 
and dielectric properties. 

25 [0339] Next, in the 27th to 29th aspects of the invention, preferably the piezoelectric ds^ constant of the piezoelectric 
ceramic composition Is larger than a piezoelectric d^^ constant of a piezoelectric ceramic composition of the above 
• general formula not containing the added elements. 

[0340] Next, preferably an electromechanical coupling coefficient Kp oif the piezoelectric ceramic composition is 
larger than an electromechanical coupling coefficient Kp of a piezoelectric ceramic composition of the above general 

30 formula not containing the added elements. 

[0341] Next, preferably a piezoelectric g^^ constant of the piezoelectric ceramic composition Is larger than an pie- 
zoelectric gg., constant of a piezoelectric ceramic composition of the above general fomiula not containing the added 
elements. - 

[0342] Next,, preferably a mechanical quality factor Qm of the piezoelectric ceramic composition is larger than, a 
35 mechanical quality factor Qm of a piezoelectric ceramic composition of the above general formula not containing the 
added elements. 

[0343] If the piezoelectric d^^ constant, electromechanical coupling coefficient Kp, piezoelectric g3^ constant, and 
mechanical quality factor Qm ofthe piezoelectric ceramic composition are larger than those of the basic piezoelectric 
ceramic composition of the above general fomriula not containing the added elements, the effects of the added elements 

^ can be sufficiently obtained and application to a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, piezo- 
electric transformer, piezoelectric ultrasonic motor, piezoelectric gyrosensor, knock sensor, yaw rate sensor, air bag 
sensor, back sonar, corner sonar, piezoelectric buzzer, piezoelectric speaker, and piezoelectric ignitor becomes easier. 
[0344] Next, preferably a relative dielectric constant of the piezoelectric ceramic composition is larger than a relative 
dielectric constant of a piezoelectric ceramic composition of the above general formula not containing the added ele- 

45 ments. If smallerthanthe relative dielectric constant of a piezoelectric ceramic composition of the above general formula 
not containing the added elements (basic piezoelectric ceramic composition), not only cannot the effects of the added 
elements be sufficiently obtained, but also application to a capacitor or other dielectric element becomes difficult. 
[0345] Next, preferably a dielectric loss of the piezoelectric ceramic composition is smaller than a dielectric loss of 
a piezoelectric ceramic composition of the above general formula not containing the added elements. If larger than the 

50 dielectric loss of a piezoelectric ceramic composition of the above general fonnula not containing the added elements 
(basic piezoelectric ceramic composition), not only cannot the effects of the added elements be sufficiently obtained, 
but also application to a capacitor or other dielectric element becomes difficult. 

[0346] Next, preferably a Curie temperature Tc of the piezoelectric ceramic composition is larger than a Curie tem- 
perature of a piezoelectric ceramic composition of the above general formula not containing the added elements. If 
55 larger than the Curie temperature Tc of a piezoelectric ceramic composition of the above general fonnula not containing 
the added elements (basic piezoelectric ceramic composition), the effects of the added elements can be sufficiently 
obtained and use in a high temperature environment of over 1 00**C such as near an automobile engine becomes easier 
[0347] Next, preferably the piezoelectric ceramic composition has a piezoelectric d^^ constant of not less than 30 
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pm/\f. In this case, it is possible to mal<e use of the high piezoelectric constant of at least 30 pm/V and utilize the 
piezoelectric ceramic composition for a high sensitivity piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, 
piezoelectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sensor, air 
bag sensor, back sonar, corner sonar,"piezoelectric buzzer, piezoelectric speaker, piezoelectric igniter, etc. 

5 [0348] If the piezoelectric dg^ constant is less than 30 pm/V, the piezoelectric ceramic composition is liable to be 
unable to be utilized for a piezoelectric element of properties sufficient for practical use. Further, to obtain more sensitive 
superior piezoelectric sensor properties or larger piezoelectric actuator properties, the piezoelectric dg^ constant is 
more preferably at least 40 pm/V. Still more preferably, it is at least 80 pmA/. Even more preferably, the piezoelectric 
d3i constant should be at least 1 00 pnW. 

io [0349] Next, pi-eferably the piezoelectric ceramic composition has an electromechanical coupling coefficient Kp of 
not less than 0.3. In this case, it is possible to make use of the high electromechanical coupling coefficient Kp of at 
least 0.3 and utilize the piezoelectric ceramic composition for a piezoelectric element superior in conversion efficiency 
of mechanical energy and electrical energy such as a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, 
piezoelectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sensor, air 

15 bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezoelectric speaker, piezoelectric igniter, etc. 

[0350] If the electromechanical coupling coefficient is less than 0.3, the piezoelectric ceramic composition is liable 
to be unable to be utilized for a piezoelectric element requiring a superior conversion efficiency of mechanical energy- 
and electrical energy. Further, to obtain more superior conversion efficiency of mechanical energy and electrical energy, 
the electromechanical coupling coefficient Kp is more preferably at least 0.34. Still more preferably, it is at least 0.4. 

20 Even rnore preferably, the electromechanical coupling coefficient Kp should be at least 0.45. 

[0351] Next, preferably the piezoelectric ceramic composition has a piezoelectric g^^ constant of not less than 7 x 
10'^ Vm/N. in this case, It is possible to make use of the high piezoelectric q^^ constant of at least 7x1 0'^. Vm/N and 
utilize the piezoelectric ceramic composition for a superior booster ratio piezoelectric transformer, ultrasonic ryiotor, 
sensor, etc. 

25 [0352] If the piezoelectric g^^ constant is less than 7 x 1 0"^ Vm/N, the piezoelectric ceramic composition is liable to 
be unable to be utilized for a piezoelectric element requiring a superior booster ratio. Further, to obtain an element 
more superior In booster ratio, the piezoelectric g^^ constant is more preferably made at least 8 x ^0r^ Vm/N. 
[0353] Next, preferably the piezoelectric ceramic composition has a mechanical quality factor Qm of not less than 
. 50. In this case, it is possible to make use of the high mechanical quality factor Qm of at least 50 and utilize the 

30 piezoelectric ceramic composition for a piezoelectric element with little heat generation and superior in conversion 
efficiency of nfiechanicai energy and electrical energy such as a piezoeicctric actuator, piezoelectric filter, piezoelectric 
vibrator, piezoelectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sen- 
sor, air bag sensor, back sonar, corner sonar, piezoelectric buzzer, piezoelectric speaker, piezoelectric ignltor, etc. 
[0354] If the mechanical quality factor Qm is less than 50, the piezoelectric ceramic composition Is liable to be unable 

35 to be utilized for a piezoelectric element requiring a superior conversion efficiency of mechanical energy and electrical 
energy. Further, to obtain more superior conversion efficiency of rinechanical energy and electrical energy, the mechan- 
ical quality factor Qm is more preferably at least 40, more preferably at least 50. 

{0355] Next, preferably the piezoelectric ceramic composition has a relative dielectric constant of not less than 400. 
In this case, it is possible to make use of the high relative dielectric constant of at least 400 and utilize the piezoelectric 
40 ceramic composition for a capacitor having a large electrostatic capacity or other dielectric element. 

[0356] If the relative dielectric constant is less than 400, the electrostatic capacity drops and the piezoelectric ceramic 
composition is liable to be unable to be utilized for a capacitor or other dielectric element. The relative. dielectric constant 
is more preferably at least 430. Still more preferably, it is at least 600. 

[0357] Next, preferably the piezoelectric ceramic composition has a dielectric loss of not more than 0.09. In this case, 
4^ it is possible to make use of the low dielectric loss of not more than 0.09 and utilize the piezoelectric ceramic composition 
for a capacitor or other dielectric element or a piezoelectric actuator, piezoelectric filter, piezoelectric vibrator, piezoe- 
lectric transformer, piezoelectric ultrasonic motor, piezoelectric gyroscope, knock sensor, yaw rate sensor, air bag 
. sensor, back sonar, comer sonar, piezoelectric buzzer, piezoelectric speaker, piezoelectric igniter, etc. 
[0358] If the dielectric loss is more than 0 .09 , the piezoelectric ceramic composition is liable to be unable to be utilized 
so for a capacitor or other dielectric element or piezoelectric transformer, ultrasonic motor, etc. Further, the dielectr-ic loss 
is more preferably not more than 0,035. More preferably, it should be not more than 0.03. 

[0359] Next, preferably the piezoelectric ceramic composition has a Curie temperature Tc of not less than 200'='c. In 
this case, it is possible to make use of the high Curie tehiperature Tc of at least 200°C and utilize the piezoelectric 
ceramic composition In a high temperature environment exceeding lOO^'C such as near an automobile engine, if the 
55 Curie temperature Tc is less than 200*^0, if using the piezoelectric ceramic composition at a high temperature location 
such as near an autohiobile engine, the piezoelectric 6^^ constant, electromechanical coupling coeffbient Kp, and 
other properties are liable to drop. Further, the Curie temperature Tc is more preferably at least 250**C. . 
[0360] Next, preferably the piezoelectric ceramic composition has a piezoelectric ds^ constant of not less than 30 
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pmA/ and a Curie temperature Tc of not less than 200'='C. in this case, it is possible to use the piezoelectric ceramic 
composition in a high temperature environment of a temperature of over 1 00"C as a high sensitivity sensor, ultrasonic 
motor, actuator, piezoelectric transfonner, piezoelectric vibrator, etc. 

[0361 ] Further, to obtain more sensitive superior piezoelectric sensor properties or larger piezoelectric actuator prop- 
erties, the piezoelectric dg^ constant is more preferably at least 40 pnW. Still more preferably. It Is at least 80 pnW. 
Even more preferably, the piezoelectric dg^ constant should be at least 100 pnrW. Further, the Curie temperature Tc 
is more preferably at least ZSO^'C. 

[0362] Next, preferably, the piezoelectric ceramic composition has a piezoelectric 93^ constant of not less than 7 x 
1 0-3 Vm/N and a Curie temperature Tc of not less than 200°C. In this case, it is possible to use the piezoelectric ceramic 
composition in a high temperature environment of a temperature of over 1 0O^C as a superior booster ratio piezoelectric 
transformer, ultrasonic motor, sensor, etc. 
[0363] Further, to obtain a more superior booster ratio, the piezoelectric gg^ constant is more preferably at least 8 x 
10-3 Vm/N. Further the Curie temperature Tc is more preferably at least 250*'C. 

[0364] Next, preferably, the piezoelectric ceramic composition has an electromechanical coupling coefficient Kp of 
15 not less than 0.3 and a Curie temperature Tc of not less than 200*'C. In this case, It is possible to use the piezoelectric 
ceramic composition in a high tenriperature environment of a temperature of over 100'^C as a piezoelectric element 
superior in conversion efficiency of mechanical energy and electrical energy such as a piezoelectric actuator, piezoe- 
lectric vibrator, sensor, piezoelectric transformer, ultrasonic motor, etc. 

[0365] Further to obtain a more superior conversion efficiency of mechanical energy and electrical energy, the elec- 
tromechanical coupling coefficient Kp is more preferably at least 0.34. More preferably, it should be at least 0.4. Further, 
the Curie temperature Tc is more preferably at least 250*'C. 
[0366] Next, preferably the piezoelectric ceramic composition has a mechanical quality factor Qm of not less than 
50. and a Curie tefmperature Tc of not less than 2O0''C. In this case, it is possible to use the piezoelectric ceramic 
composition in a high temperature environment of a temperature of over 100*'C as a piezoelectric element with little 
25 heat generation and superior in conversion efficiency of mechanical energy and electrical energy such as a piezoelectric 
actuator, piezoelectric vibrator, sensor, piezoelectric transfornner, ultrasonic motor, etc. To obtain a more superior con- 
version efficient of mechanical energy and electrical energy, the mechanical quality factor Qm is more preferably at 
• least 40. More preferably, It should be at least 50. Further, the Curie temperature Tc is more preferably at least 250*'c. 
[0367] Next, preferably the piezoelectric ceramic composition has a dielectric loss of not more than 0.09 and a Curie 
temperature Tc of not less than 200''C. In this case, it is possible to use the piezoelectric ceramic composition in a high 
temperature environment of a temperature of over 1 0O^'C as a capacitor or other dielectric element or a piezoelectric 
transfornner, ultrasonic motor, sensor etc. Further, the dielectric loss is more preferably not more than 0.035. More 
preferably, it should be not more than 0.03, Further, the Curie temperature TC is more preferably at least 250°C. 
[0368] Next, preferably the piezoelectric ceramic composition has a piezoelectric dg^ constant of not less than 30 
pmA/, an electromechanical coupling coefficient Kp of not less than 0.3, and a Curie temperature Tc of not less than 
200*C. In this case, it is possible to use the piezoelectric ceramic composition in a high temperature environment of a 
temperature of over 100**C arid obtain a superior sensitivity and conversion efficiency of mechanical energy and elec- 
trical energy. 

[0369] Further, to obtain more sensitive superior piezoelectric sensor properties or larger piezoelectric actuator prop- 
erties, the piezoelectric dg^ constant is more preferably at least 40 pm/v. Further, the electromechanical coupling co- 
efficient Kp is more preferably at least 0.34. ... 

[0370] Further, in a 30th or 33rd aspect of the invention, the additive includes at least one metal element selected 
from magnesium, calcium, strontium, and barium or a compound including these metal elements. 
[0371] The metal elements included in the additive sometimes are included in the piezoelectric ceramic composition 
as added elements by substitution of at least part of the lithium, potassium, and sodium of the compound of the general 
formula {Lix(Ki.yNay)i.x}(Nbi.2.^ta2SbJ03 after sintering. Further, sometimes the metal elements or oxides or per- 
ovskite stmcture compounds containing the metal elements are included in the grains or at the grain boundaries of the 
piezoelectric ceramic composition. 

[0372] Further, in a 31st or 34th aspect of the invention, the additive includes at least one type of metal element 
50 selected from silicon, indium, and scandium or a compound including these metal elements. 

[0373] The above metal elements included in the additive sometimes are included in the piezoelectric ceramic com- 
position as added elements by substitution of at least part of the niobium, tantalum, and antimony of the cornpound of 
the general fomnula {Li^(Ki.yNay)^.^} (Nbi.2.^T2SbJ03 after sintering. Further^ sometimes the metal elements atoms 
or oxides or perovskite structure compounds containing the metal elements are included in the grains or at the grain 
55 boundaries of the piezoelectric ceramic composition. 

[0374] Further, in a 32nd or 35th aspect of the invention, the additive includes bismuth atoms or a compound including 
bismuth atoms. 

[0375] The bismuth included in the additive sometimes is included in the piezoelectric ceramic composition as an 
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added element by substitution of at least part of the niobium, tantalum, and antimony of the compound of the general 
formula {Ux(Ki.y Nay)i.x}(Nbi,2.^Ta2SbJ03 after sintering. Further, sometimes the bismuth atoms or oxides or per- 
ovskite structure compounds containing the bismuth atoms are included in the grains or at the grain boundaries of the 
piezoelectric ceramic composition. 

5 [0376] Further, in the 33rd to 35th aspects of the invention, the compound containing lithium includes for example 
□2003, LigO, UNO3, LIOH, etc. The compound containing sodium includes Na2G03, NaHC03, NaNOa, etc. 
[0377] Further, the compound containing potassium includes K2CO3; KNO3, KNbOs, KTaOs, elc. The compound 
containing niobium includes for example Nb205, Nb203, Nb02, etc. The compound containing tantalum includes Ta205 
etc. The compound containing antimony includes for example Sb205. Sb203, Sb204, etc. 

10 ' [0378] In the 33rd aspect of the invention, preferably the compound containing lithium is Li2C03, the compound 
containing sodium is Na2C03, the compound containing potassium is K2CO3, the compound containing niobium Is 
Nb205. the compound containing tantalum is TagOg, the compound containing antimony is SbgOs or SbgOg, and the 
additive is at least one type selected from MgO, MgC03, CaO. CaCOg, SrO. SrO^, BaO, and BaCOg. In this case, it 
is possible to easily fabricate the piezoelectric ceramic composition of the 27th aspect of the invention. 

15 [0379] In the 34th aspect of the invention, preferably the compound containing lithium is Li2C03, the compound 
containing sodium is NagCOa, the compound containing potassium is KgCOg, the compound containing niobium is 
Nb205, the compound containing tantalum is Ta205, the compound containing antimony is SbaOg or Sb203, and the 
additive is at least one type selected from Si02, IngOg, and SC2O3. In this case, it is possible to easily fabricate the 
piezoelectric ceramic composition of the 28th aspect of the invention. 

20 [0380] In the 35th aspect of the invention, preferably the compound containing lithium Is Li2C03, the compound 
containing sodium is Na2C03, the compound containing potassium Is K2CO3, the compound containing niobium is 
NbgOg, the compound containing tantalum is TagOg, the compound containing antimony is SbaOg or SbgOg, and the 
additive is BigOg. In this case, it is possible to easily fabricate the piezoelectric ceramic composition of the 29th aspect 
of the invention. 

. 25 [0381] Next, in the 36th or 37th aspect of the invention, the piezoelectric eleriient includes for example a piezoelectric 
- actuator, piezoelectric filter, piezoelectric vibrator, piezoelectric transformer, piezoelectric ultrasonic motor, piezoelec- 
• trie gyrosensor, knock sensor, yaw rate sensor, air bag sensor, back sonar, comer sonar, piezoelectric buzzer, piezo- 
electric speaker an'd piezoelectric igriitor. 

[0382] Next, in the 38th or 39th aspect of the invention, the dielectric element includes for example a capacitor, 
30 multilayer capacitor, etc. 

Example Group 1 

[0383] Next, piezoelectric ceramic compositions of Example Group 1 will be explained. In these examples, piezoe- 
35 lectric ceramic compositions were produced and measured in physical properties. The piezoelectric ceramic compo- 
sitions of these examples were piezoelectric ceramic compositions of a generaf formula {Ux(Ki.yNay)i.x}(Nb^.2^Ta2S- 
b^)03 where x, y, z, and were in the ranges of 0<x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2. 

[0384] Next, a method of production of the piezoelectric ceramic compositions of these examples will be explained. 

First, as the materials of the piezoelectric ceramic compositions, over 99% purity high purity Li2C03, Na2C03, K2CO3, 
40 NbgOg: TagOg, and SbgOg were prepared. These materials were mixed by a stoichiometric ratio giving a general fomnula 

{Lix(Ki.yNay),.^}(Nbi.2.vvTa2Sb JO3 where x, y, z, and w are in the ranges of 0<x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2. 

[0385] Here, as shown in the later mentioned Table 1 to Table 6, x was made 0, 0.01 , 0.02, 0.03, 0.04, 0.06, 0.08, 

0.10, 0.i5, and 0.20. Further, y was made 0. 0.05, 0.1, 0.2, 0.3, 0.4, 0.42, 0.44, 0.45, 0.46. 0.47, 0.48, 0.49, 0.5, 0.51, 

0.52, 0-53, 0.54, 0.55, 0.56, 0.58, 0.60, 0.70. 0.75, 0.8, and 1.0. Further, z was made 0.002, 0.08, 0.10. 0.12, 0.14, 
45 0,16, 0.18, 0.20: 0.22. and 0.30. Further, w was made 0.02. 0.04, 0.05, 0.06, and 0.07. 

[0386] Further, the materials blended to give each of these stoichiometric ratios were mixed in ball mills in acetone 

for 24 hours to prepare mixtures. 

[03871 Next, the mixtures were calcined at 750''C for 5 hours, then the calcined mixtures were pulverized by ball 
mills for 24 hours. Next, polyvinyl butyral was added as a binder and granules were fomned. 

,50 [0388] The powders after granulation were press formed into disk shapes of a diameter of 1 8 mm and a thickness 
of 1 mm. The shaped articles were sintered at 1000 to ISOO^C for 1 hour to prepare sintered bodies. Note that the 
sintering temperature at this time was the temperature giving the greatest density selected from 1000°C to 1300°C. 
[0389] Next, the two surfaces of the sintered bodies after sintering were cylindrically polished, then the two surfaces 
of the disk sampies were provided with rnetal electrodes by sputtering. Further, a DC voltage of 1 to 5 kv/mm was 

55 supplied between the electrodes for 10 minutes In 100**C silicone oil to give polarization in the thickness direction and 
produce the piezoelectric ceramic compositions. 

[0390] In this way, piezoelectric ceramic compositions having 180 types of stoichiometric compositions (Samples 1 
to 1 80) were prepared. The stoichiometric ratios of the samples are shown in Table 1 to Table 6. 
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[0391] Further, in this example, to clarify the superior properties of the piezoelectric ceramic compositions, Compar- 
isons 1 to 5 were fabricated in the following way. First, as materials of Comparison 1 , at least 99% purity high purity 
K2CO3, Na2C03, and NbgOg were prepared. These materials were mixed by a stoichiometric ratio giving the general 
formula (Kq gNao 5)Nb03, then mixed by a ball mill In acetonefor24 hours to obtain a mixture. This mixture was calcined, 

5 granulated, shaped, sintered, and polarized In the same way as in Samples 1 to 161 to obtain Comparison 1 . 

[0392] Further, at least 99% purity high purity LigCOg, K2CO3, Na2C03, NbgOe, TagO^, and SbgOg were prepared 
and samples of the fonmulas {Lix(Ki_yNay)i.x}(Nbi,2-w"^azSbw)03 where x=0.22. y=0.50, 2=0.45, and w=0.22, where 
x=0.22. y=0.50, z=0.10, and w=0.22, where x=0.22, y=0.50, z=0,45, and w=0.02, and where x=0.02, y=0.50, z=0.10, 
and w=0.22 were fabricated by similar methods as Comparisons 2, 3, 4, and 5. The chemical fomnulas of Comparisons 

10 1 to 5 are shown in Table 6. 

[0393] Next, Samples 1 to 1 80 and Comparisons 1 to 5 were measured forthe piezoelectric dg^ constant, piezoelectric 
g3, constant, electromechanical coupling coefficient Kp, Curie temperature Tc, relative dielectric constant £337/20' 
dielectric loss tanS. 

[0394] Here, the piezoelectric d^^ constant, piezoelectric 93^ constant, and electromechanical coupling coefficient 
15 Kp were measured by the resonance-antiresonance method using an impedance analyzer. The dielectric loss and 
relative dielectric constant were measured by a measurement frequency of 1 kHz using an impedance analyzer. Further,^ 
forthe Curie temperature Tc, the temperature of the highest relative dielectric constant was made the Curie temperature 
Tc. The results are shown in Table 7 to Table 12. 

[0395] Samples 2, 4, 8, 15,16, 31 to 34, 40, 41 , 48. 49, 71 , 72, 74, 75, 79. 80, 81 , 88 to 90. 1 03, 1 04. 1 07. 1 1 0, 1 1.2, 
20 115, 118. 119. 123 to 129, 133, 134, 136 to 140, 143, 145, 151, and 152 and Comparison 1 were measured for the 
long-term stability of the dielectric loss. 

[0396] As the method for measurement of the long-temn stability of the dielectric loss, first the dielectric losses tan 
5 of the samples and Comparison 1 after polarization were measured using an impedance analyzer at a measurement 
frequency of 1 kHz in the same way as above and the values used as the initial tan6. Further, the dielectric losses tan6 
25 50 days, 1 00 days, and 200 days after the polarization were measured and compared with the values of the initial tanS 
so as to evaluate the long-term stability of the dielectric losses. The results are shown in Table 13 to Table 14. 



(Table 1) 



30 



35 



40 



45 



50 





X 


y 


z 


w 


Sample 1 


0 


0.5 


0.002 


0.02 


Sample 2 


0.02 


0.5 


0.002 


0.02 


Sample 3 


0.04 


0.5 


0.002 


0.02 


Sample 4 


0.06 


0.5 


0.002 


0.02 


Sample 5 


0.08 


0.5 


0.002 


0.02 


Sample 6 


0.1 


0.5 


0.002 


0.02 


Sample 7 


0 


0:5 


0.1 


0.02 


Sample 8 


0,02 


0.5 


0.1 


0.02 


Sample 9 


0.04 


0.5 


0.1 


0.02 


Sample 10 


0.06 


0.5 


0.1 


0.02 


Sample 11 


0.08 


0.5 


0.1 


0.02 


Sample 12 


0.1 


0.5 


0.1 


0.02 


Sample 1 3 


0.15 


0.5 


0.1 


0.02 


Sample 14 


0.2 


0.5 


0.1 


0.02 


Sample 15 


0 


0.5 


0.2 


0.02 


Sample 1 6 


0.02 


0.5 


0.2 


0.02 


Sample 17 


0.04 


0.5 


0.2 


0.02 


Sample 18 


0.06 


0.5 


0.2 


0.02 


Sample 1 9 


0.08 


0.5 


0.2 


0.02 


Sample 20 


0.1 


0.5 


0.2 


0.02 


Sample 21 


0.15 


0.5 


0.2 


0.02 


Sample 22 


0.2 


0.5 


0.2 


0.02 


Sample 23 


0 


0.5 


0.3 


0.02 


Sample 24 


0.02 


0.5 


0.3 


0.02 


Sample 25 


0.04 


0.5 


0.3 


0.02 
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(Table 1) (continued) 



10 



15 



20 



25 



30 



35 



40 



55 





X 


y 


2 


w 


Sample 26 


0.06 


0.5 


0.3 


0.02 


Sample 27 


0.08 


0.5 


0.3 


0.02 


Sample 28 


0.1 


0.5 


0.3 


0.02 


Sample 29 


0.15 


0.5 


0.3 


0.02 


Sample 30 


0.2 


0.5 


0.3 


0.02 






(Table 2) 










X 


T 


z 


w 






Sample 31 


0 


0.5 


0.002 


0.04 






Sample 32 


0.02 


0.5 


0.002 


0.04 






Sample 33 


0.04 


0.5 


0.002 


0.04 






Sample 34 


0.06 


0.5 


0.002 


0.04 






Sample 35 


0.08 


0.5 


0.002 


0.04 






Sample 36 


0.1 


0.5 


0.002 


0.04 






Sample 37 


0.15 


0.5 


0.002 


0.04 






Sample 38 


0.2 


0.5 


0.002 


0.04 






Sample 39 


0 


0.5 


0.1 


0.04 






Sample 40 


0.02 


0.5 


0.1 


0.04 






Sample 41 


0.04 


0.5 


0.1 


0.04 






Sample 42 


0.06 


0.5 


0.1 


0.04 






Sample 43 


00.8 


0.5 


0.1 


0.04 






Sample 44 


0.1 


0.5 


0.1 


0.04 






Sample 45 


0.15 


0.5 


0.1 


0.04 






Sample 46 


0.2 


0.5 


0.1 


0.04 






Sample 47 


n 




0.2 


U.U*f 






Sample 48 


0.02 


0.5 


0.2 


0.04 






Sample 49 


0.04 


0.5 


0.2 


0.04 






Sample 50 


0.06 


0.5 


0.2 


0.04 






Sample 51 


0.08 


0.5 


0.2 


0.04 






Sample 52 


0.1 


0.5 


0.2 


0.04 






Sample 53 


0.15 


0.5 


0.2 


0.04 






Sample 54 


0.2 


0.5 


6.2 


0.04 






Sample 55 


0 


0.5 


0.3 


0.04 






Sample 56 


0.02. 


0.5 


0.3 


0.04 






Sample 57 


0.04 


0.5 


0.3 


0.04 






Sample 58 


0.06 


0.5 


0.3 


0.04 






Sample 59 


0.08 


0,5 


0.3 


0.04 






Sample 60 


0.1 


0.5 


0.3 


0.04 






Sample 61 


0.15 


0.5 


0.3 


0.04 






Sample 62 


0.2 


0.5 


0.3 


0.04 








(Table 3) 








X 


y 


z 


w 


Sample 63 


0 


0.5 


0.4 


0.04 


Sample 64 


0.02 


.0.5 


0.4 


0.04 


Sample 65 


0.04 


0.5 


0.4 


0.04 


Sample 66 


0.06 


0.5 


0.4 


0.04 
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(Table 3) (continued) 









y 




tar 

w • 




OampiB O/ 




u.o 


n A 


n C\A 

U.U4 


5 


oampie DO 


u. 1 


u.o 


U.4 


U.U4 




oampie 


u. 1 o 


u.o 




0.04 








u.o 


f\ A 


f\ f\A 

0.04 




odmpie f 1 




u.o 




U.Oo 


10 


oampie t c. 


n no 


u.o 


U.UU^ 


0.06 


OoiTipie f O 


U.U*f 


U.o 


U.UUZ 


O.Ob 




Ciomnla 7/1 

oampie / ^ 


U.UD 


U.o 




U.Oo 




Sannpie 75 


. U.Oo 


0.5 


0.002 


0.06 




ComnlA 7C 

oanripie /o 


u. 1 


U.O 


A AAA 

0.002 


0.06 


IS 


oampie / / 


• OIK 


U.O 


A AAA 

0.002 


0.06 




ComniA 7Q 

oampie ^ o ■ 




U.O 


A AAA 

0.002 


A AO 

0.06 




oampie f 9 


U 


U.O 


0.1 


0.06 




oampie OU 


n no 


U.O 


U. 1 


0.06 


20 


Cr^mnlA OH 

oampie 01 


U.Uh> 


A C 

U.O 


0.1 


0.06 


oampie 0^- - 


— U.Ob- - 


U.O 


' 0.1 


0.06 




Sample 83 


0.08 


0.5 


0.1 


0.06 




oampie o4 • 


0.1 


0.5 


0.1 


0.06 




Sample 85 


0. lb 


0.0 


0.1 


0.06 . 


25 


Sample 86 


0.2 


0.5 


0.1 


0.06 




Sample 87 


0 


0.5 


0.2 


0.06 




- Sample 88 


0.02 


0.5 


0.2 


0.06 




Sample 89 


0.04 


0.5 


0.2 


0.06 




Sample 90 


O.OiS 


0,5 


0.2 


0.06 


30 


Oampie 9 1 


0.08 


0.5 


A A 

U.2 


A AO 

0.06 




Sample 92 


0.1 


0.5 


0.2 


0.06 




Sample 93 


0.15 


0.5 


0.2 


0.06 




Sample 94 


0.2 


0.5 


0.2 . 


0.06. 
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X 


y 


z 


w 


40 


oampie yo 


0 


0.5 


0.3 


0.06 




oampie 90 


0.02 


0.5. 


0.3 


0.06 _ 




oampie y/ 


0.04 


0.6 


0.3 


0.06 




Qsimr^Ia Qfi 
Oculipie S7O 


0.06 


0.5 


0.3 


0.06 




ocunpie yy 


0.08 


0.6 


0.3 


0.06 


45 ' 


oampie 1 uu 


0.1 


0.5 


0.3 


0.06 




oampie 1 ui 


0.15 


0.5 


0.3 


0.06 




Oampie 1 \J£, 


0.2 


0.5 


0.3 


0.06 




■ oampie 1 uo ^ 


0.02 


0.5 


0.012 


0.04 


50 


OaJlipie 1 


0.04 


0.5 


0.012 


0.04 


Sample 1 05 


0.06 


0.5 


0.012 


0.04 




Sample 1 06 


0.02 


0.5 


0.014 


0.04 




Sample 107 


0.04 


0.5 


0.014 


0.04 




Sample 1 08 


0.06 


0.5 


0.014 


0.04 


55 


Sample 1 09 


0.02 


0.5 


0.016 


0.04 




Sample 110 


0.04 


0.5 


0.016 


0.04 




Sample 111 


0.06 


0.5 


0.016 


0.04 
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(Table 4) (continued) 



15 



20 . 





X 


y 


z 


w 


Sannple 112 


0.02 


0.5 


0.18 


0.04 


Sannple 113 


0.04 


0.5 


0.18 


0.04 


Sample 114 


0.01 


0.5 


0.2 


0.04 


Sample 115 


0.03 


0.5 


0.2 


0.04 


Sample 116 


0.02 


0.5 


0.22 


0,04 


Sample 117 


0.04 


0.5 


0.22 


0.04 


Sample 118 


0.02 


0.5 


0.08 . 


0.05 


Sample 119 


0.04 


0.5 


0.08 


0.05 


Sample 120 


0.06 


0.5 


0.08 


0.05 


Sample 121 


0.02 


0.5 


0.1 


0.05 


Sample 122 


0.04 


0.5 


0.1 


0.05 


Sample 123 


0.06 


0.5 


0.1 


0.05 


oampie 


n no 


■ n 
u.o 


n 1 ^ 
\j. 1 ^ 




Sample 125 


0.04 


0.5 


0.12 


0.05 


Sample 126 


0.06 


0.5 


.0,12 


0.05' 


Sample 127 


0.02 


0.5 


0.14 


0.05 


Sample 128 


0.04 


0.5 


0.14 


0.05 


Sample 129 


0.06 


0.5 


0.14 


0.05 



(Table 5) 



30 



50 



55 





X 


y 


2 


w 


Sample ' 


130 


0.02 


0.5 


0.16 


0.05 


Sample ' 


131 


0.04 


0.5 


0.16 


0.05 


Sample ' 


132 


0.06 


0.5 


0.16 


0.05 


Sample 


133 


0.02 


0.5 


0.08 


0.06 


Sample 


134 


0.04 


0.5 


0.08 


0.06 


Sample 


135 


0.06 


0.5 


0.08 


0.06 


Sample 


136 


0.03 


0.5 


0.1 


0.06 


Sample 


137 


0.05 


0.5 


0,1 


0.06 


Sample 


138 


0,02 


0.5 


0.012 


0.06 


Sample 


139 


0.04 


0.5 


0.012 


0.06 


Sample 


140 


0.06 


0.5 


0.012 


0.06 


Sample 


141 


0.02 


0.5 


0.014 


0.06 


Sample 


142 


0.04 


0.5 


0.014 


0.06 


Sample 


143 


0.06 


0.5 


0.014 


0.06 


Sample 


144 


0.02 


0.5 


0.016 


. 0.06 


Sample 


145 


0.04 


0.5 . 


0.016 


0.06 


Sample 


146 


0.06 


0.5 


0.016 


0.08 


Sample 


147 


0.02 


0.5 


0.08 


0.07 


Sample 


148 


0.04 


0.5 


0.08 


0.07 


Sample 


149 


0.06 


0.5 


0.08 


0.07 


Samjsle 


150 


0.02 


0.5 


0.1 


0.07 


Sample 


151 


0.04 


0.5 


0.1 


0.07 


Sample 


152 


0.06 


0.5 


0.1 


0.07 


Sample 


153 


0.02 


0.5 


0.12 


0.07 


Sample 


154 


0.04 


0.5 5 


0.12 


0,07 
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CTable 6). 







X 


y 


2 


W 


5 


Sample 155 


0.04 


0 


0.1 


0.06 




Sample 156 


0.04 


0.2 


0.1 


0.06 




Sample 157 


0.04 


0.4 


0.1 


0.06 




Sample 158 


0.04 


0.5 


0.1 


0.06 




Sample 1 59 


0.04 


0.6 


0.1 


0,06 


^0 


Sample 1 60 


0.04 


0.8 


0.1 


0.06 




Sample 161 


0.04 


1 


0.1 


0.06 




Sample 162 


0.04 


0.05 


0.1 


0.06 




Sample- 1 63 


0.04 


0.1 


0.1 


0.06 




Sample 164 


0.04 


0.3 


0.1 


0:06 




Sample 1 65 


0.04 


0.42 


0.1 


0.06 




Sample 1 66 


0.04 


- 0.44 


0.1 


0.06 




Sample 1 67 


0.04 


0.45 


0.1 


0.06 




Sample 1 68 


0.04 


0.46 


0.1 


0.06 


20 


Sample 1 69. 


0.04 


0,47 


0.1 


. 0.06 




Sample 1 70 


0.04 


0.48 


0.1 


0.06 




Sample 1 71 


0.04 


0.49 


0.1 


0.06 




Sample 172 


0.04 


0.51 


0.1 


0:06 


25 


Sample 1 73 


0.04 


0.52 


0.1 


0.06 


Sample 1 74 


0.04 


0.53 


0.1 


0.06 


• 


Sample 175 


0.04 


0.54 


0.1 


'o:o6 




Sample 1 76 


0.04 


0.55 


0.1 


0.06 




Sample 177 


0.04 


0.56 


0.1 


0.06 


30 


Sample 178 


0.04 


0.58 


0.1 


0.06 




Sample 1 79 


0.04 


0.7 


0.1 


0.06 




Sample 1 80 


0.04. 


0.75 


0.1 


0.06 




Sample 181 


0.02 


.0.6 


0.1 


0.1 


35 


Sample 1 82 


0.02 


0,5 


0.1 


0.2 


Comp. 1 


0 


0.5 


0 


0 




Comp. 2 


0.22 


0.5 


0.45 


0.22 




Comp. 3 


0.22 


0.5 


0.1 


0.02 




Comp. 4 


0.02 


0.5 


0.45 


0.02 


40 


Comp. 5 


0.02 


0.5 


0.1 


0.22 



(Table 7) 



45 



50 



55 





(pmA/) 


Kp 


931 (X 10-3Vm/N) 


£331^^0 


tan6 


Tc 

rc) 


Sample 1 


52.1 


0.463 


12.1 


486 


0.032 


369 


Sample 2 


52.9 


0.444 


. 11.3 . 


526 


0.046 


394 


Sample 3 


69.0 


0.451 


10.2 


810 


0.040 


398 


Sample 4 


84.3 


0.457 


8.7 


1092 


0.072 


430 


Sample 5 


72.5 


0.411 




1090 


. 0.099 


441 


Sample 6 


49.6 


0.291 


5.0. 


1122 


0.041 


453 


Sample 7 


39.2 


0.360 


10.0 


1193 


0.026 


244 


Sample 8 


66.4 


0.446 


9.5 


786 


0.040 


335 


Sample 9 


88.9 


0.463 


8.3 


1209 


0.037 


355 


Sample 1 0 


83.0 


0,468 


8.3 


1124 


0.040 


374 
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(Table 7) (continued) 



10 



IS 



20 



25 



30 



45 



50 



55 





^31 

(pnrW) 


Kp 


931 (X 10-3Vm/N) 




tanS 


Tc 

(«C) 


Sample 11 


66.4 


0.404 


7.3 


1028 


0.089 


385 


Sample 12 


50.5 


0.355 


7.1 


825 


0,062 


396 


Sample 13 


38.2 


0.284' 


5.6 


739 


0.059 


407 


Sample 14 


25.2 


0.200 


4.7 


607 


0,042 


413 


Sample 15 


58.6 


0.346 


6.1 


1090 


0.037 


218 


Sample 16 


84.0 


0.450 


7.5 


1272 


0.036 


292 


Sample 1 7 


87.2 


0.444 


. 7.6 


1290 


0.029 


270 


Sample 18 


67.9 


0.428 


7.7 


996 


0.029 


316 


Sample 19 


53.4 


0.389 


7.5 


809 


0.047 


331 


Sample 20 


45,1 


0.341 


6.6 


775 


0.029 


330 


Sample 21 


33.6 


0.275 


5.8 


. 651 


0.025 


343 


Sample 22 


28.7 


0.226 


4.8 


679 


0.129 


352 


Sample 23 


13.0 


0.076 


1.2 


1489 


0.107 


192 


Sample 24 


. 33,8 


0.160 


2.6 


1454 


0.048 


214- 


Sample 25 . 


. 63.8 


0.368.. 


5.9 


-1213 


0.022 


227 


Sample 26 


56.7 


0.382 


6.8 


947 


0.041 


248 


Sample 27 


46.8 


0.339 


6.4 


812 


0.092 


269 


Sample 28 


41.5 


0.310 


5.8 


812 


0.116 


276 


Sample 29 


29.8 


0.230 


5.3 


641 


0.129 


296 


Sample 30 


22.9 


0.179 


3.9 


661 


0.116 


296 


(Table 8) 




(pmA/) 


Kp 


931 (X 10-3 Vm/N) 


£331^^ 


tan5 


Tc 
i^C) 


Sample 31 


86.2 


0.623 


16.2 


603 


0.032 


330 


Sample 32 


62.9 


0.478 


12.7 


559 


0,050 


346 


Sample 33 


65.3 


0.433 


9.2 


798 


0.059 


370 


Sample 34 


99.8 


0.484. 


8.0 


1407 


0.086 


384 


Sample 35 


61 .7 


0.363 


6.6 


1057 


0.040 


399 


Sample 36 


55.8 


0.344 


6.3 


1008 


0.095 


407 


Sample 37 


42.2 


0.282 


5.5 


873 


0.129 


437 


Sample 38 


26.6 


0.194 


4.2 


706 


0,138 


448 


Sample 39 


74.8 


0.452 


6.6 


1275 


0.029 


275 


Sample 40 


85,4 


0.465 


9.5 


1233 


0.035 


292 


Sample 41 


70.1 


0.452 


7.8 


1389 


0.026 


309 


Sample 42 


76.8 


0.426 


7.2 


1204 


0.019 


328 


Sample 43 


58.7 


0.355 


6.4 


1043 


0.031 


337 


Sample 44 


52.9 


0.342 


6.0 


1000 


0.057 


347 


Sample 45 


35.9 


0.250 


4.8 . 


851 


0.085 


358 


Sample 46 


39.4 


0.274 


5.2 


849 


0.082 


361 


Sample 47. 


81.0 


0.440 


8.1 


1133 


0.025 


209 


Sample 48 


108.0 


0.452 


7.0 


1907 


0.028 


231 


Sample 49 


88.9 


0.440 


7.0 


1437 


0.018 


252 


Sample 50 


67.7 


0.416 


7.0 


1091 


0-020 


272 


Sample 51 


53.7 


0.355 


6.3 


956 


0.017 


280 


Sample 52 


46.4 


0.323 


5.8 


907 


0.034 


289 


Sample 53 


31.3 


0.231 


4.5 


790 


0.039 


302 
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(Table 8) (continued) 





^31 

(pnW) 


Kp 


Qoi (x 1 0*3 Vm/N) 




LctI lij 


Tr 


Sample 54 


27.5 


0.214 


4.4 


71 3 


0.033 


O 1 C7 


Sample 55 


55.0 


0.321 


2.7 


2274 




1 *tU 


Sample 56 


81.6 


0.341 


4.2 


2199 


0.026 


168 


Sample 57 


70.5 


0.370 


5.4 


1478 


0.019 


196 


Sample 58 


62.3 


0.376 


7.0 


1098 


0.021 


212 


Sample 59 


46.1 


0.322 


5.5 


944 


. 0.024 


225 


Sample 60 


36.6 


0.269 


4.7 


874 


0.019 


232 


Sample 61 


23.7 


0.185 


3.5 


776 


0.023 


247 


Sample 62 


20.4 


0.164 


3.3 


700 


0.035 


260 



(Table 9) 



20 



25 



30 



35 



50 





(pnW) 


Kp 






lailO 


IC 

I ^} 


Odillplc OO ' 




0.080 


0.2 


3625 


0.085 


76 




1 y.y 


0.080 


0.8 


2656 


0.032 


104 


OdlTipie DO 




0.179 


8.0 


1 687 


0.026 


132 


OampieDD 


ob.o 


0.223 


3.2 


1269 


0.023 


150. 


Odiiipic D/ 






4.8 


972 


.0.018 


173 


Odiii^ic OO 


OU. 1 




3.8 


889 


0.019 


177 


wdiiipic 




n H "TO 


3.3 


757 


0.016 


199 


OdiiifJic^ /V 


1 O. 1 


U. 1 ^y 


2.5 


719 


0.018 


201 




oo.o 


U.452 


9.7 


769 


0.040 


289 


odiii},^ic? 


oo.o . 




9.2 


819 


0.036 


307 




OD. y 




8.8 


1121 


0.035 


326 


Sample 74 


104.0 


0.502 


8.4 


1399 


0.018 


341 


Sample 75 


78.9 


0.400 


7.3 


1386 


0.136 


365 


Sample 76 


71.2 


0.397 


7.0 


1146 


0.073 


389 


Sample 77 


67.9 


0.388 


7.0 


1094 


0.040 


386 


Sample 78 


40.6 


0.287 


5.5 


849 


0.040 


400 


Sample 79 


61.4 


0.311 


5.1 


1358 


0.040 


227 


Sample 80 . 


85.1 


.0.425 


7.0 


1414 


0.035 


253 


Sample 81 


114.9 


0.494 


7.1 


1841 


0.027 


272 


Sample 82 


83.6 


0.444 


.7.0 


1358 


0.017 


290 


Sample 83 


66.0 


0.387 


6.4 


1159 ' 


0.029 


306 


Sample 84 


54.8 


0.344 


6.1 


1021 


0.027 


318 


Sample 85 


40.1 


0.283 


5.4 


845 


0.040 


351 


Sample 86 


26.2 


0.200 


4.1 


721 


0.056 


371 


Sample 87 


38.4 


0.152 


3.7 


1175 


0.037 


166 


Sample 88 


90.6 


0,346 


4,4 


2305 


0.030 


192 


Sample 89 


83.3 


0.384 


5.3 


1769 


0.021 


216 


Sample 90 


68.2 


0.389 


5.9 


1298 


0.020 


233 


Sample 91 ' 


50.0 


0.318 


•6.3 


1060 


0.018 


247 


Sample 92 


40.5 


0.272 


4.7 


980 


0.017 


249 


Sample 93 


32.7 


0.238 


4.7 


784 


0.025 


288 


Sample 94 


24.4 


0.181 


3.5 


797 


0.092 


296 
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(Table 10) 



15 



25 



35 





(pmA/) 


Kp 


931 (x 1 0-3 Vm/N) 


e33T^E0 

• 


tan6 


Tc 


Sample 95 


0.0 


0.000 


0.0 


3058 


0.110 


105 


Sample 96 


16,7 


0.061 


0.8 


2422 


0.065 


130 


Sample 97 


54.8 


0.258 


3.5 


1786 


0.025 


156 


Sample 98 


48.6 


0.277 


4.1 


1351 


0.022 


173 


Sample 99 


38.6 


0.245 


3.8 


1161 


0.022 


186 


Sample 1 00 


33.8 


0.221 


3.4 


1109 


0.022 


188. 


Sample 1 01 


26.9 


0.200 


3.8 


803 


0.024 


248 


Sample 1 02 


22.7 


0.184 


3.8 


670 


0.023 


252 


Sample 1 03 


73.5 


0.426 


7.9 


1050 


0.031 


280 


Sample 104 


92.1* 


0.447 


7.2 


1453 


0.024 


302 


Sample 1 05 


80.9 


0.452 


7.7 


1190 


0.029 


273 


Sample 1 06 


84.7 


0.468 


8.3 


1150 


0.030 


265 


Sample 1 07 


99.4 


0.480 


7.7 


1466 


0.016 


289 


Sample 1 08 


73.1 


0.4_2? 


7.4 


1122 


0.014 


. 307 . _ 


Sample 1 09 


90.7 


0.449 


7.3 


1406 


0.032 


253 . 


Sample 110 


104.3 


0.483 


7.4 


1597 


0.019 


276 


Sample 111 


- 72,3 


0.428 


7.3 


1127 


0.038 


291 


Sample 112 


101.9 


0.445 


6.7 ^ * 


1715 


0.030 


245 


Sample 113 


89.0 


0.425 


6.7 


1503 


0.017 


265 


Sample 114 


115.2 


0.449 


6.4 


' 2024 


0.024 


221 


Sample 115 


113.4 


0.488 


7.3 


.1748 


0.021 


243 


Sample 116 


84.1 


0.398 


6.8 


1393 


0.035 


221 


Sample 117 


89.2 


0.436 


6.5 


1552 


0.017 


243 


Sample 118 


70.3 


0.429 


8.0 


988 


0,043 


231 


Sample 119 


97.0 


0.466 


7.5 


1458 


0.022 


297 


Sample 120 


86.5 


0.461 


7.4 


1314 


0.040 


317 


Sample 1 21 


70.5 


0.403 


7.2 


1099 


0.033 


266 


Sample 122 


107.2 


0.473 


7.1 


1698 


0.022 


290 


Sample 123 


82.3 


0.447 


7.3 


1276 


0.056 


309 


Sample 124 


74.3 


0*.416 


7.4 


1140 


0.031 


258 


Sample 125 


123.6 


0.548 


8.4 


1665 


0,024 


273 


Sample 126 


75.2 


0.422 


7.0 


1218 


0.020 


295 


Sample 127 


79.7 


0.406 


7.2 


1396 


0.034 


248 


Sample 128 


103.9 


0.469 


7.0 


1688 


0.018 


270 


Sample 129 


77.3 


0.445 


7.4 


1183 


0.012 


286 
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(Table 11) 



55 





d3i 

(pmA^) 


Kp 


931 (X 10'^ Vm/N) 


C33T^€o 


tan$ 


Tc 

rc) 


Sample 1 30 


96.5 


0.434 


7.1 


1527 


0.033 


236 


Sample 131 


97.8 


0.444 


6.4 


1722 


0.018 


253 


Sample 132 


74.4 


0.428 


6.9 


1211. 


0.030 


274 


Sample 133 


68.8 


0.380 


6.6 


1177 


0.033 


264 


Sample 134 


107.5 


0.487 


7.1 


1708 


0.030 


278 


Sample 135 


81.1 


0.425 


6.6 


1381 


0.022 


294 


Sample 1 36 


105.1 


0.454 


7.1 


1738 


0.037 


259 


Sample 1 37 


92.5 


0.463 


7.0 


1497 


0.014 


280 
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(Table 11) (eontinued) 



10 



20 





(pmA/) 


r\p 


in-3 \/m/^l^ 




lano 


iC 

\ ^) 


Samole 1 38 


87.8 


0.41 6 


7.1 


1 *\oo 


u.uoo 




Samole 13Q 


107.4 


0.478 


7 n 
/ .u 


1 7AC\ 




Qftn 


Samole 1 40 


79 9 


0.434 








07*^ 




86.8 


0 40P 


R 4 


1 / 




OOft 


Samnip 14P 


95 5 


0.431 


R 1 


1 /oy 






Samole 143 


75.8 




R R 


1 ^OU 


u.u lo 




SamnIp 144 


106.6 




R 


1 Q01 

1 1 


U.UoU 


^1 o 


Samnip 14^ 


ion fi 


0 444 


R 4 




• U.U lb 


<io4 


SamnlP 146 


70 1 

/U.I 


0 '^Q7 


R 4 


1 OA(\ 


U.U14 




odi 1 ipic? 1*+/ 


1 


n 49^ 


R Q 

D.C7 


1 o4y 


U.UoO 


^i4U 


Sample 148 


107.5 


0.447 


6.2 


1955 


0.022 


265 


Sample 149 


90.3 


0.448 


6.7 


1532 


0.028 


278 


Sample 150 


85.3 


0.416 


6.4 


1506 


0.034 


228 


Sample 151 


111.1 


0.458 


6.1 


2053 


0.022 


256 


Sample 152 


.....78.5 


0.404 


6.1 


1464 


0.026 


265 


Sample 153 


78.0 


0.357 


5.1 


1725 


0.037 


217 


Sample 154 


111.5 


0.457 


6.0 


2100 


0.024 


235 



25 

(Table 12) 



30 





dsi 

(pmA/) 


Kp 


931 (X 10-3Vm/N) 


£337^^0 


tan5 


Tc 

rc) 


ratio 


Sample 155 


36.0 


0.246 . 


4.8 


846 


0.041 




286 


0.31 


Sample 156 


51.9 


0.305 


5.3 


1103 


0,044 




270 


0.45 


Sample 157 


96.2 


0.439 


6.6 


1636 


0.027 




270 


0.84 


Sample 158 


114-9 


0.494 


7,1 


1841 


0.027 




269 


1 


Sample 159 


106.2 


0.454 


6.7 


1780 


0.025 




270 


0.92 


Sample 160 


25.1 


0.260 


7.5 


377 


0.036 




264 


0.22 


Sample 161 


18.0 


0.222 


7.5 


301 


• 0.027 




265 


0.16 


Sample 162 


40.0 


0.261 


4.9 


910 


0.042 




282 


0.35 


Sample 163 


44.0 


0.275 


6.1 


975 


0.043 




278 


0.38 


Sample 164 


80.0 


0.372 


6.0 


1369 


0.036 




270 


0.7 


Sample 165 


104.4. 


0.470 


7.5 


1582 


0.024 




270 


.0.91 


Sample 166 


113.4 


0.483 


7,2 


1798 


0.023 




270 


0.99 


Sample 167 


122;3 


0.496 


6.9 


2013 


0.022 




270 


1.06 


Sample 168 


126.9 


0.509 


7,1 


2033 


0.021 




270 


1.1 


Sample 169 


125.1 


0.506 


7.1 


1980 


0.021 




270 


1.09 


Sample 170 


122.2 


0.488 


6.6 


2091 


. 0.019 




270. 


1.06 


Sample 171 


123.3 


0.501 


7.0 


2004 


0.022 




270 


1.07 


Sample 172 


123.3 


0.496 


6.9 


2017 


.0.025 




270 


1.07 


Sample 1 73 


127.3 


0.509 


7.0 


2051 


0.020 




270 


1.11 


Sample 174 


127.5 


0.503 


. 6,9 


2079 


0.021 




270 


1.11 


Sample 175 


132.4 


0.511 


7.0 


2136 


0.021 




270 


1.15 


Sample 176 


124.7 


0.491 


6.8 


2066 


0.021 




270 


1.09 


Sample 1 77 


123.9 


0.488 


6.8 


2045 


0.023 




270 


1 .08 


Sample 178 


123.0 


0.485 


6.9 


2023 


.0.024 




270 


1.07 


Sample 1 79 


60.0 


0.357 


7.1 


1078 


0.030 




267 


0.52 


Sample 1 80 


45.0 


0.309 


7.3 


727 


0.033 




266 


0.39 
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(Table 12) (continued) 







On* 

(pmA/) 


Kd 


10'3 Vm/N) 








u^-^ ratio 


5 


Sample 181 


66.2 


0.239 


4 


1733 


0.04 


185.5- 






Sample 182 


47.1 


0.061 


1.2 


2312 


0.04 


80.5 






Comp. 1 


37.6 


0.334 


9.9 


429 


0.036 


415 






Comp. 2 


0.5 


0.027 


0.0 


1762 


0.111 


<room temp. 






Comp. 3 


9.8 


0.069 


1.6 


. 680 


0.141 


400 




10 


Comp. 4 


42.6 


0.193 


2.3 


2093 


0.025 


114.2 






Comp. 5 


13.3 


0.053 


0.6 


2471 


0.041 


72 





(Table 13) 



55 





initial tan6 


tanb after SO davs 


t^n^ aftPr 1 0f) Havq 


iaiio elllc^i £.\J\J Udyo 


Sample 2 


0.046 . 




9.132 




Sample 4 


0.072 




0.253 




Sample 5 


0.099 




. 0.432 




Sample 8 


0.040 






0.053 


Sample 15 


0.037 




0.038 . 




Sample 16 


0.036 




0.036 




Sample 31 


0.032 




0.041 










u.uou 




Sample 33 


0.059 






0.088 


Sample 34 


0.086 






0.141 


Sample 40 


0.035 






0.033 


Sample 41 


0.026 






0.023 


Sample 48 


0.028 






0.029 


Sample 49 


0.018 






0.017 


Sample 71 


0.040 




0.040 




Sample 72 


0.036 




0.046 




Sample 74 


0.018 




0.020 




Sample 75 


0.056 




0.130 




Sample 79 


0.038 






0.035 


Sample 80 


0.035 






0.042 


Sample 81 


0.027 






0.024 


Sample 88 


0.030 


0.030 






Sample 89 


0.021 




0.019 




Sample 90 


0.020 




0.044 




Sample 1 03 


0.031 


0.032 






Sample 1 04 


0.024 


0.24 






(Table 14) 




Initial tah5 


tanS after 50 days 


tan5 after 1 00 days 


tan5 after 200 days 


Sample 1 07 


0.016 


0.017 






Sample 110 


0.019 


0.022 






Sample 112 


0.030 


0.029 






Sample 115 


0.021 




0.032 




Sample 118 


0.043 


0.043 






Sample 119 


0.022 


0.020 






Sample 123 


0.056 


0.059 
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(Table 14) (continued) 



10 



20 





Initial tan5 


tanS after 50 days 


tan6 after 1 00 days 


tanS aftpr POD rlav^ 


Sannple 124 


0.031 


0.033 






Sample 125 


0.024 


0.020 






Sample 126 


0.020 








Sample 127 


0.034 


0.034 






Sample 128 


0.018 


- 0.021 






Sample 129 


0.012 




0 014. 




Sample 133 


0.033 


0.032 






Sample 134 


0.030 


0.030 






Sample 136 


0.027 








Sample 1 37 


0.014 








Sample 138 


0.033 








Sample 139 


. 0.020 




0.025 




Sample 140 


0.022 




0.032 




Sample 143 


0.013 




0.012 




Sample 145 


0.016 


0.013 






Sample 151 


0.022 


0.023 






Sample 152 


0.026 


0.020 






Comp. 1 


0.036 


0.120 


0.220 


0.250 



25 [0397] As will be understood from Table 6 to Table 1 2, Samples 1 to 1 3, 1 5 to 20, 25 to 28, 31 to 37, 39, 44, 46 to 
52, 55 to 59, 67, 71 to 85, 87 to 92, 97 to 99, 1 03 to 1 54, 1 56 to 1 59, and 1 62 to 1 80 exhibited piezoelectric da^ constants 
higher than Comparison 1 . v 

[0398] Here, Table 12 shows the various piezoelectric properties and dielectric properties when fixing the values of 
X, 2, and w and changing the value of y in the above general fomiula {U^(Ki.yNay)^.J(Nbi.2.w"fazSbJ03. In Table 12, 
30 to clarify the change in the piezoelectric dg^ constant when changing the value of y, the ratios of the values of the 
piezoelectric d3\, constants of Samples 155 to 180 with respect to the value of the piezoelectric constant when 
y=0.5 (sample 158) are shown as the ratios. 

[0399] Further, as will be understood from Table 5 to Table 12, Samples 1 to 5, 7 to 12, 15 to 20, 25 to 28, 31 to 36, 
39 to 44, 47 to 51 , 56 to 58, 71 to 78, 80 to 84, 88 to 90, 1 03 to 1 54, 1 57 to 1 59, and 1 64 to 1 79 exhibited electrome- 
35 chanical coupling coefficients Kp higher than Comparison 1. 

[0400] Samples 1 to 1 59 and Samples 1 62 to 1 80 exhibited high relative dielectric constants of at least 430 and were 
superior to even Comparison 1 . 

[0401] Samples 1 to 5, 7 to 12, 16 to 20, 31 to 34, 40 to 42, 47 to 50, 58, 65, 71 to 77, 80 to 82. 103 to 111, 115, 118 
to 130, 134. 136 to 139, 158, 160 to 161, 165 to 166, 168 to 169. 171, 173, and 175 and Samples 1 79 to 180 exhibited 
40 high piezoelectric constants of at least 7.0 x 1 0-3 Vm/M. 

[0402] Samples 1 to 22. 24 to 54, 58 to 62; 70 to 86, 89 to 94, and 1 01 to 1 80 exhibited high Curie temperatures Tc 
of at least 200'C. 

[0403] Samples 1 to 22, 24 to 26, 31 to 35. 39 to 74, 76 to 94, and 96 to 180 exhibited low dielectric losses tanb of 

not more than 0.09. 

45 [0404] As will be understood from Table 13 and Table 14, the dielectric losses of the sanriples did not rise much even 
after the elapse of 50 days, 1 00 days, and 200 days and therefore were superior in stability. As opposed to this, the 
dielectric loss of Comparison 1 increases to over 3-times the initial tanS after the elapse of 50 days and over 6-times 
after 1 00 days. Further, it increased close to 7-times the initial tan6 after the elapse of 200 days. There was therefore 
a problem in stability. . 

50 [0405] Here, if taking note of the piezoelectric dg^ constant, as will be understood from Table 1 to Table 12, when 
x=:0.04, y=0.54, z=0.1, and w=0.05 (Sample 175), the piezoelectric 6^^ constant exhibited its highest value of 132.4 
pm/V. 

[0408] Further, as will be understood from Table 6 and Table 1 2, jf fabricating the piezoelectric ceramic compositions 
while changing the value of y In the above general fonnula {Li,j{K^.yNay)i.J(Nbi.2.^Ta2SbJ03, the piezoelectric d3, 
55 constant changes greatly. Therefore, to make the relationship between the value of y in the above general formula and 
the piezoelectric constant more readily understandable, the results of the piezoelectric constant In Table 12 
are shown in FIG. 1 . FIG. 1 shows the value of y in the above general formula on the abscissa and the piezoelectric 
d3^ constant on the ordinate. 
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[0407] As will be understood from FIG. 1 , to realize a high piezoelectric di^•^ constant of at least 40 pmA/, the value 
of y In the above general formula {Llx(K^.yNay)i.J (Nb^.^.^^Ta^SbJOg is preferably made 0.05<y<0.75. If the range of 
the value of y is 0.35<y<0.65, it is possible to realize a high piezoelectric dg^ constant of at least 80 pmV, Further, if 
the range of the value of y is 0.42<y£0.60, it is possible to realize an even higher piezoelectric. constant of over 
5 ICQ pmA/. However, the preferable ranges of y change when the values of x, z, and w in the above general formula 
change. 

[0408] When using the composition as a charge detection type circuit or a current detection type circuit, in general 
the piezoelectric constant is proportional to the output voltage of an accelerator sensor, weight sensor, impact 
sensor, knock sensor, and other piezoelectric type sensors. Seen from this point, it is possible to prepare a sensor with 
10 a charge sensor output largerthe higher the piezoelectric d^-^ constant of the piezoelectric ceramic composition. Further, 
to fabricate a sensor having properties equal to or better than Comparison 1 , it can be said to be preferable to have a 
piezoelectric d^-^ constant of at least 30 pmA/. Further, to fabricate a high sensitivity sensor raised In the signal-to-noise 
ratio. (SN ratio) and output voltage, the piezoelectric d^^ constant should be at least 80 pmA/. More preferably it should 
be at least 1 00 pm/V. 

15 [0409] Further, when using the composition as an actuator, in general the piezoelectric d^^ constant is proportional 
to the generated distortion or displacement of the piezoelectric actuator. Seen from this point, it is possible to produce 
an actuator with a larger generated distortion or displacement the higher the piezoelectric d^^ constant of the piezoe- 
lectric ceramic composition. Further, to fabricate an actuator having properties equal to or better than Comparison 1 , 
It can be said preferable to have a piezoelectric d3i constant of at least 30 pmV. More preferably it should be at least 

20 40 pm/V. Further, to fabricate an actuator with a large displacement, the piezoelectric d^i constant should be at least 
80 pm/V. More preferably, it should be at least 1 00 pmA/. 

[0410] Further, taking note of the electromechanical coupling coefficient Kp, as will be understood from Table 1 to 
Table 1 0, when x=0, y=0.5. z=0.ob2, and w=0.04 (Sample 31 ), the electromechanical coupling coefficient Kp exhibits 
its highest value of 0.623. 

25 [041 1] In general, the electromechanical coupling coefficient Kp is proportional to the electromechanical energy con- 
version efficiency of the piezoelectric transformer, ultrasonic motor, actuator, ultrasonic vibrator, etc. Seen from this 
viewpoint, it is possible to produce a piezoelectric transf omner, ultrasonic motor, actuator, ultrasonip vibrator, etc. having 
a higher electromechanical energy conversion efficiency the higher the electromechanical coupling coefficient Kp of 
the piezoelectric ceramic composition. Further, to fabricate a piezoelectric transf onner, ultrasonic motor, actuator, ul- 

30 trasonic vibrator, etc. having properties equal to or better than the Comparison 1, it can be said to be preferable to 
have an electromechanical coupling coefficient Kp of at least 0.3. More preferably, it should be at least 0.34. Still more 
preferably. It should be at least 0.4. Most preferably, it should be at least 0.5. 

[041 2] Taking note of the Curie temperature Tc, the Curie temperatures Tc of the piezoelectric ceramic compositions 
of Samples 1 to 22. 24 to 54, 58 to 62. 70 to 86, 89 to 94, and 1 01 to 1 80 are high values of at least ZOO^'C. Therefore, 

35 the piezoelectric ceramic compositions of the present example in the above composition region can be utilized as 
knock sensors or other high temperature sensor components, actuator corhponents, ultrasonic motor components, 
etc. able to be used stably over a long period at high temperature locations such as near an automobile engine. 
[0413] For further long-term stable use as a high temperature sensor component, actuator component, ultrasonic 
motor component, etc., the Curie temperature Tc is preferably at least 200**C. More preferably it should be at least 

40 250°C. . 

[0414] Taking note of the piezoelectric gg., constant, as will be understood from Table 1 to Table 10, when x=0, y=0.5, 
z=0.002, and w=0.b4 (Sample 31 ). the piezoelectric g^^ constant exhibits its highest value at 1 6.2 x 1 Q-^ Vm/N. 
[0415] The piezoelectric g3^ constant, like the piezoelectric d^^ constant, is proportional to the output voltage of a 
piezoelectric sensor, piezoelectric elenrient, ultrasonic motor, etc. Therefore, it is possible.to produce a sensor with a 

45 largervoltagesensoroutput the higher the piezoelectric g3i constant of the piezoelectric ceramic composition. Further, 
to fabricate a sensor having properties equal to or better than the Comparison 1 , it can be said to be preferable to have 
a piezoelectric g3^ constant of at least 7 x 10-^ Vm/N. More preferably, it should be at least 10 x 10-^ Vm/N. 
[0416] Taking note of the relative dielectric constant e^sr^^ relative dielectric constants £337^60 of the Samples 
• 1 to 159 and Samples 162 to 180 are high values of at least 430. 

50 [0417] The relative dielectric constant £3^/60 is generally proportional to the electrostatic capacity of a multilayer 
capacitor or other capacitor. Seen from this point, It is possible to produce a capacitorwith a larger electrostatic capacity 
the higher the relative dielectric constant of the piezoelectric ceramic composition. To fabricate a capacitor, it can be 
said to be preferable to have a relative dielectric constant of at least 400. More preferably. It should be at least 430. 
Still more preferably, it should be at least 600. 

55 [0418]; Taking note of the dielectric loss tanS, the dielectric losses tan6 of the Samples 1 to 22, 24 to 26, 31 to 35, 
39 to 74, 76 to 94, and 96 to 180 are low values of not more than 0.09. 

[041 9] The dielectric loss is proportional to the heat energy lost by a capacitor component or other capacitor, piezo- 
electric ultrasonic motor, piezoelectric actuator, piezoelectric transformer, or other component when applying an AC 
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voltage to that component. Seen from this point, it is possible to fabricate a capacitor with a smaller energy loss or a 
piezoelectric ultrasonic motor, piezoelectric actuator, or piezoelectric transfomier with a smaller heat generation the 
smaller the dielectric loss of- the piezoelectric ceramic composition. Further, to fabricate a component with a small 
dielectric loss, it is preferable to have a dielectric loss of not more than 0.09. More preferably, it should be not more 
5 than 0.035. 

[0420] Taking note of the long-term stability of the dielectric loss, as shown in Table 13 and Table 14, there is the 
defect that with a sample with a z of 6.002, that is, with an extremely small content of tantalum, the dielectric loss 
becomes larger if the sample is allowed to stand in the atmosphere for a long period. On the other hand, with a sample 
with a z greater than 0.002 and a w not equal to 0, there is little change In the dielectric loss and the value of the 
10 dielectric loss is kept to a small value of not more than 0.09 even if the sample is allowed to stand in the atmosphere 
for a long period of time. In this way, the dielectric loss tanS of the piezoelectric ceramic composition of the present 
example of the general fonnula {Ux(Ri.yNay),.J(Nbi.2.„Ta2Sb JO3 wherein 0^0.2. 0^y<0.11 , 0<z<0.4, and 0<w<0.2 
has long-term stability. 

[0421] Further, as shown In Table 12, it Is learned that Comparisons 2, 3, and 5 not included in the composition 
15 region of the piezoelectric ceramic composition of the present invention all have piezoelectric constants of low 
values of 0.5. 9.81 , and 13.31 pnri/V. Further, Comparison 4 has a piezoelectric dg^ constant of 42.62 pm/V, but has a 
Curie temperature of a low 11 7^*0 and therefore cannot bef used as an auto part which requires a Curie temperature 
of at least 200*^0. 

20 Example Group II 

[0422] Next, piezoelectric ceramic compositions of Example Group II will be explained. In these examples, piezoe- 
lectric ceramic compositions were produced and measured in physical properties. The piezoelectric ceramic compo- 
sitions of these examples were piezoelectric ceramic corinpositions containing as main ingredients compounds of a 
25 general fonnula {LijjCKi.yNayj^.xKNbi.z-wTaxSb JO3 where x, y, z, and w were in the ranges of 0<x<0.2, 0<y<1 . 0<z<0.4, 
-and 0<w<0.2. The piezoelectric ceramic cornpositions included added elements of at least one metal element selected 
from palladium, silver, gold, ruthenium, rhodium, rhenium, osmium, iridium, and platinum. Further, the total of the con- . 
tents of the added elements was from 0.001 mol to 0.15 mol with respect to 1 mol of the compound of the above general 
fonnula. 

30 [0423] The above additive may be added to the above piezoelectric ceramic composition having the general fonnula 
by substitutional addition or external addition. 

[0424] The method of production of a piezoelectric ceramic composition of these examples comprises mixing a com- 
pound containing lithium, a compound containing sodium, a compound, containing potassium, a compound containing 
niobium, a compound containing tantalum, and a compound containing antimony by a stoichiometric ratio giving, after 
sintering, a compound of a general fonnula {Ux(Ki.yNay),,J(Nbi.2.^Ta2SbJ03 where x, y, z, and w are in the ranges 
of 0<x^0.2, 0<y<1 , 0<z<0.4, and 0<w^.2, mixing an additive containing at least one metal element selected from 
palladium, silver,' gold, ruthenium, rhodium, rhenium, osmium, iridium, and platinum, and sintering the result 
[0425] Next, the method of production of the piezoelectric ceramic compositions of these exaimples will be explained 
in more detail. 

40 [0426] First, as the materials of the piezoelectric ceramic compositions, over 99% purity high purity LigCOa, NagCOg, 
K2CO3, NbgOg, TagOg, and SbgOg and, as the additive, PdOg, AggO, Au, RuOg, RegO^, IrOg, and PtOg were prepared. 
[0427] Among these materials, the LigCOs, NaaCOa, K2CO3, NbgOg, TagOg, and SbgOg were mixed by a stoichio- 
metric ratio giving a general fonnula {Lix(Ki.yNay)^.J(Nbi.2.„Ta2Sby)03 where x. y, z. and w are x=0,04, y=:0.5. z=0.1 , 
and w=0.04, that is, a stoichiometric ratio whereby the general fomnula becomes {Lio.o4('<o.5Nao.5)o.96} 

45 (Nbo e6TaoiSbo.o4))03. then the Pd02. AggO. Au, RuOgi RegOy, IrOa, and ROg sen/ing as the additives were mixed 
to obtain seven types of fonnulations. 

[0428] Regarding the amounts of incorporation of these additives, the PdOa, AggO, Au, RUO2, HBqOj, IrOg. and PXOq 
of the additives were included in amounts of 0.01 mol, 0.005 mol, 0.01 mol, 0.01 mol, 0.005 mol, 0.01 mol. and 0,01 
mol, respectively, with respect to 1 mol of the compound {Lio.o4(Ko.5Nao.5)o.96}(Nbo.86Tao.iSbo.o4))03 expected to be 
50 obtained by formulation by the above stoichiometric ratio. That is, 0.01 mol of the metal element included, in each 
additive was incorporated. 

[0429] The formulations were kneaded by ball mills in acetone for 24 hours to fabricate mixtures. 
[0430] Next, the mixtures were calcined at 750°C for 5 hours, then the calcined mixtures were pulverized by ball 
mills for 24 hours. Next, polyvinyl butyral was added as a binder and the results granulated. 
55 [0431] The powders after granulation were press fonned into disk shapes of a diameter of 1 3 mm and a thickness 
of 2 mm by a pressure of 2 tons/cm2. The shaped articles were sintered at 1 000 to 1 300*'C for 1 hour to prepare sintered 
bodies. Note that the sintering temperature at this time was the temperature giving the greatest density by 1 hour of 
sintering selected from 1 000**C to 1 300'C. Further, at this time, the sintered bodies were densified to a relative density 
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of at least 98%. 

[0432] Next, the two surfaces of the sintered bodies after sintering were cylindrically polished, then the two surfaces 
of the disk sannpies were provided with nnetal electrodes by sputtering. Further, a DC voltage, of 1 to 5 kV/mm was 
supplied between the electrodes for 10 minutes in 100**C silicone oil to give polarization In the thickness direction and 
5 produce the piezoelectric ceramic compositions. 

[0433] In this way, seven types of piezoelectric ceramic compositions (Samples E1 to E7) were prepared. The ratios 
of the materials and addlUves in the samples are shown in Table .15. 

[0434] These samples were prepared by extemal addition of each additive as described above. 
[0435] Note that as a method different from the method of production of these examples, it is also possible to fabricate 
10 piezoelectric ceramic compositions similar to the Samples E1 to E7 by fabricating a compound of the above {Lioo4 
(Kq sNao 5)0 se) (Nbo.86Tago.iS*3o.04)03 sintering, pulverizing this, mixing the result with the above additives, then 
calcining, granulating, shaping, and sintering the results in the same way as the method of production of the present 
examples. 

[0436] Further, In Samples E1 to E7 of these examples, the Pd02, AggO, Au, RuOg, RegOy, IrOg, or. ROg of the 
15 additives may be contained in the grains or at the grain boundaries of the piezoelectric ceramic compositions in part 
in their inherent form or in the form of compounds such as perovskite structure compounds with at least one of the 
basic composition elements lithium, sodium, potassium, niobium, tantalum, and antimony and may be contained in 
part in a state with the palladium; silver, gold, ruthenium, rhodium, rhenium, osmium, iridium, and platinum, atoms 
substituting at least part of the lithium, potassium, sodium, niobium, tantalum, and antimony of the compound of the 
20 above {Lio.o4(Ko.5Nao.5)o.9s](Nbo.86"r^O-iSbo.o4)03- In particular, metal elements which can become.+l or +2 values 
such as silver, palladium, and gold easily substitute at least part of the lithium, potassium, and sodium of the compound. 
Further, metal elements which can become +3 to +6 values such as palladium, ruthenium, rhodium, rhenium, osmium, 
iridium, and platinum easily substitute at least part of the niobium, tantalum, and antimony of the compound. 
[0437] Next, in these examples; to clarify the superior properties of the piezoelectric ceramic compositions, compar- 
es Isons (Sample C1 and Sample C2) were fabricated in the following way. First, as materials of the comparisons, at least 
99% purity high purity Li2C03, NaaCOg, K2CO3, NbgOg, Ta204, and SbgOs were prepared. 

[0438] Among these materials, the K2CO3, Na2C03. and Nb205 were mixed by a stoichiometric ratio giving the above 
general formula {Li^(K.,.yNay)i.J(Nb.,.2.^Ta2SbJ03 wherein x=z=w=0 and y=0.5, that Is, a stoichiometric ratio giving 
the above general formula (Ko.5NaQ 5)Nb03: then mixed by a ball mill in acetone for 24 hours to obtain a mixture. This 
30 mixture was calcined, granulated, shaped, sintered, and polarized in the same way. as In Samples E1 to E7to obtain 
a piezoelectric cerarnic composition as a comparison (Comparison C1). The Sample G1 was a piezoelectric ceramic 
composition containing (Ko ^Nao 5)Nb03. 

[0439] Next, the Sample C2 was fabricated as follows: First, the LigCOg, NagCOg, K2CO3, NbgOg, TagOg, and SbgOg 
of the above prepared materials were mixed by a stoichiometric ratio giving the above general formula {Ux(Ki.yNay)^.j() 

35 (Nb^.2.wTa2Sb^)03 wherein x=0.04, y=0.5, z=0.1 , and w=0.04 after sintering, that is, a stokihiometric ratio giving the 
above general fonnula {Lio.o4(Ko sNaQ 5)q gg} Nbo.ee"^^. 1^^0.04)^3' mixed by a ball mill in acetone for 24 hours to 
obtain a mixture. This mixture was calcined, granulated, shaped, sintered, and polarized in the same way as in Samples 
■ E1 to E7 to obtain a piezoelectric ceramic composition as a comparison (Comparison C2). The Sample C2, in the same 
way as the Samples E1 to E7, was a piezoelectric ceramic composition which contained {Lio.o4(Ko.5N%) .5)0:96) 

40 (Nbo 86^*^ 1 ^'^0.04)^3 ^® ^ ingredient, but did not contain the above added elements. 
[0440] The compositions of the Sanipie C1 and Sample C2 are shown in Table 15. 
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(Table 15) 



30 



35 



40 



45 



50 



55 



Composition ratio of 
sample 



Additive 



Added 
element 



10 






X 


y . 


z 


w 


Comp. 


Am' t 

added 

(mol) 


Type 


Am't 

added 

(mol) 


15 


Sample 


El 


0.04 


0.5 


0.1 


0.4 


RuOj 


O-Ol 


Ru 


0.01\ 




Sample 


£2 


0.04 


0.5 


0.1 


0.4 


PdOj 


0.01 


Pd 


0.01 




Sample 


£3 


0.04 


0.5 


0.1 


0.4 


AgjO 


0.005 


Ag 


0.01 


SO 


Sample 


E4 


0.04 


0.5 


0.1 


0.4 


Re,0, 


0.005 


Re 


O.Ol 




Sample 


.E5 


0.04 


0.5 


0.1 


0.4 


irOj 


0.01 


%^ 


b-01 




Sample 


£€. 


0.04 


0.5 


0.1 


0.4 




0.01 


Pt 


0.01 


25 


Sample 


E7 


0 .04 


0.5 


0.1 


0.4 


Au 


0.01 


Au 


O.01 




Sample 


CI 


0 


0.5 


0 


0 




0 








Sample 


C2 


0.04 


0.5 


0.1 


0.4 




0 







[0441] IMexti'.the S&mples El to E7 and Samples CI and C2 were measured for the piezoelectric dg^ constant, 
electromechanica! coupling coefficient Kp, piezoelectric constant, relative dielectric constant eaar/eo, dielectric loss 
tanS, and Curie temperature Tc. The piezoelectric dg-, constant, piezoelectric 93^ constant, and electromechanical 
coupling coefficient Kp were measured by the resonance-antiresonance method using an impedance analyzer (Pre- 
cision Impedance Analyzer 4294A made by Agilent Co.) The dielectric loss tan6 and relative dielectric constant z^j/ 
Eq were measured at a measurement frequency of 1 kHz using an impedance analyzer the same as the above. For 
the Curie temperature Tc, the temperature giving the highest relative dielectric constant £337/60 was made the Curie 
temperature Tc. The results are shown in Table 16. • 

(Table 1 6) 





d3i 

(pnrW) 


Kp 


931 (X 10-3 Vm/N) 




tan6 


Tc 
(°C) 


Sample E1 


102.6 


0.494 


7.96 


1457 


0:015 


315 


Sample E2 


122.4 


0.531 


8.74 


1583 


0.019 


309 


Sample E3 


99.2 


0.466 


7.63 


1467 


0.023 


300 


Sample E4 


89.4 


0.436 


7.51 


1344 


0.021 


312 


Sample E5 


85.7 


0.438 


7.30 


1326 


0.016 


313 


Sample E6 


111.9 


0,512 


8.32 


1519 


0.022 


313 


Sample E7 


110.7 


0.498 


8.94 


1399 


0.019 


305 


Sample C1 


37.6 


0.334 


9.9 


429 


0.036 


415 


Sample C2 


96.1 


0.452 


7.81 


1389 


0.026 


308 



[0442] As will be understood from Table 16, the Samples E1 to E7 had superior properties compared with the con- 
ventional piezoelectric ceramic composition of the Sample CI in the piezoelectric dg., constant, electromechanical 
coupling coefficient Kp, relative dielectric constant e33T/eo, and dielectric loss tan6. Further, the Samples El to E7 had 
equal or better properties even compared with the Sample C2 in the piezoelectric dg^ constant, electromechanical 
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coupling coefficient Kp, piezoelectric 93^ constant, relative dielectric constant e33T/£o» dielectric loss tan6, and Curie 
tennperatureTc. In particular, for the piezoelectric 6^^ constant, electromechanical coupling coefficient Kp, and relative 
dielectric constant easT^Eo. almost all of the Samples E1 to E7 were superior to the Sample C1 and the Sample C2, 
while for the dielectric loss tan6, all of the Samples El to E7 were superior to the Sample C1 and Sample C2. 
5 [0443] Here, taking note of the piezoelectric 6^^ constant, as will be understood from Table 1 6, the piezoelectric da^ 
constant of the Sample E2 exhibited the highest value of 122.4 pm/V: . 

[0444] When using the composition as a charge detection type circuit or a current detection type circuit, in general 
the piezoelectric ds^ constant is proportional to the output voltage of an accelerator sensor, weight sensor, impact 
sensor, knock sensor, and other piezoelectric type sensors. Seen from this point, it is possible to prepare a sensor with 
^0 a charge sensor output larger the higher the piezoelectric dg., constant of the piezoelectric ceramic composition. Further, 
to fabricate a sensor having properties equal to or better than Sample C1, it can be said to be preferable to have a 
piezoelectric dg^ constant of at least 30 pm/V. Further, to fabricate a high sensitivity sensor raised in the signal-to-noise 
ratio (SN ratio) and output voltage, the piezoelectric constant should be at least 80 pnrW. More preferably it should 
be at least 1 00 pm/V. 

15 [0445] Further, when using the composition as an actuator, in general the piezoelectric d^^ constant is proportional 
to the generated distortion or displacement of the piezoelectric actuator. Seen from this point, it is possible to produce 
an actuator with a larger generated distortion or displacement the higher the piezoelectric constant of the piezoe- 
. lectric ceramic composition. Further, to fabricate an actuator having propeities equal to or better than the comparison, 
it can be said preferable to haVe a piezoelectric constant of at least 30 pmV. More preferably it should be at least 

20 40 pmA/. Further, to fabricate an actuator with a large displacement, the piezoelectric da^ constant should be at least 
80 pmA/. More preferably, it should be at least 1 00 pnW. 

[0446] Further, taking note of the electromechanical coupling coefficient Kp, as will be understood from Table 16, 

the electromechanical coupling coefficient Kp of Sample E2 exhibits its highest value of 0.531 . 

[0447] In general, the electromechanical coupling coefficient Kp is proportional to the electromechanical energy con- 

25 version efficiency of the piezoelectric transformer, ultrasonic motor, actuator, ultrasonic vibrator, etc. Seen from this 
viewpoint, it is possible to produce a piezoelectric transfomrier, ultrasonic motor, actuator, ultrasonic vibrator, etc. having 
a higher electromechanical energy conversion efficiency the higher the electromechanical coupling coeffbient Kp of 
the piezoelectric ceramic composition. Further, to fabricate a piezoelectric transformer, ultrasonic motor, actuator, ul- 
. trasonic vibrator etc. having properties equal to or better than the comparison Sampled, it can be said to be preferable 

.30 to have an electromechanical coupling coefficient Kp of at least 0.3. More preferably, it should be at least 0.34. Still 
more preferably, it should be at least 0.4. Most preferably. It should be at least 6.5. 

[0448] Taking note of the Curie temperature Tc, the Curie temperatures Tc of Samples El to E7 are all high values 
of at least 200'C. Therefore, the piezoelectric ceramic compositions of the present examples (Samples E1 to E7) can 
be utilized as knock sensors or other high temperature sensor components, actuator components, ultrasonic motor 
35 components, etc. able to be used stably over a long period at high temperature locations such as near an automobile 
engine. 

[0449] For further long-temi stable use as a high temperature sensor component, actuator component, ultrasonic 
motor component, etc., the Curie temperature Ic Is preferably at least 200*'C. More preferably it should be at least 

250°C. 

40 [0450] Taking note of the piezoelectric g^^ constant, as will be understood from Table 1 6, the piezoelectric g^^ con- 
stant of Sample E7 exhibits its highest value at 8.94 x 10-3 Vm/N. 

[0451] The piezoelectric gg^ constant, like the piezoelectric dg., constant, is proportional to the output voltage of a 
piezoelectric sensor, piezoelectric element, ultrasonic motor, etc. Therefore, it is possible to produce a sensor with a 
larger voltage sensor output the higher the piezoelectric g^^ constant of the piezoelectric ceramic composition. Further, 
45 to fabricate a sensor having properties equal to or better than the Comparison 1 , it can be said to be preferable to have 
a piezoelectric Qq^ constant of at least 7x10-3 Vm/N. More preferably, It' should be at least 8 x 1 0-^ Vm/N. 
[0452] Taking note of the relative dielectric constant e^sj^eo, the relative dielectric constants SssjJeo the Samples 
El to E7 are extremely high values of at least 1300. 

[0453] The relative dielectric constant ts^to 's generally proportional to the electrostatic capacity of a multilayer 
50 capacitor or other capacitor. Seen from this point, it is possible to produce a capacitor with a larger electrostatic capacity 
the higher the relative dielectric constant of the piezoelectric ceramic composition. To fabricate a capacitor, it can be 
said to be preferable to have a relative dielectric constant of at least 400. More preferably, it should be at least 430. 
Still more preferably, it should be at least 600. 

[0454] Taking note of the dielectric loss tan5, the dielectric losses tan6 of the Samples E1 to E7 are extremely low 
55 values of not more than 0.23. 

[0455] The dielectric loss is proportional to the heat energy lost by a capacitor component or other capacitor, piezo- 
electric ultrasonic motor, piezoelectric actuator, piezoelectric transformer, or other component when applying an AG 
voltage to that component. Seen from this point, It is possible to fabricate a capacitor with a smaller energy loss or a 
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piezoelectric ultrasonic motor, piezoelectric actuator, or piezoelectric transformer with a smaller heat generation the 
smaller the dielectric loss of the piezoelectric ceramic composition. Further, to fabricate a component with a small 
dielectric loss, it is preferable to have a dielectric loss of not more than 0.09. More preferably, it should be not morie 
than 0.035. Still more preferably, it should be not more than 0.025. 
5 [0456] As explained above, the piezoelectric ceramic compositions (Sample E1 to Sample E7) of the present exam- 
ples are of compositions not containing lead and have superior piezoelectric properties and dielectric properties. There- 
fore, they are safe to the environment and can be utilized for high perfomnance piezoelectric elements and dielectric 
elements. 

10 Example Group 111 

[0457] These examples are of compounds of the above general fomriula {Li^lKi. yN ay) i.x}(Nb.,.2.^Ta2Sb^)03 contain- 
ing different amounts of Ag20 as additives in order to determine the critical range of content of the additive. 
[0458] First, as the materials of the piezoelectric ceramic composition, over 99% purity high purity LI2CO3, NagCOg, 

15 K2CO3, NbgOg, TagOg, and SbjOg and, as the additive, Ag20 were prepared. 

[0459] Among these materials, the LigCOg Na2C03; KgCOg, NbgOg, TagOg, and SbgOg were mixed by a stoichio- 
metric ratio giving a general formula {Lix(K.,.yNay).,.^}(Nb.,.2.^Ta2Sb;^)03 where x, y, z, and w are x=a04, y=0.5, 2-O.I , 
and w=0.06, then the AggO serving as the additive was mixed in different amounts to obtain 16 types of fonnulations. 
[0460] Regarding the amounts of incorporation of the AggO, the'AgsO of the additive was included in amounts of 

20 0.0005 mol to 0.25 mol with respect to 1 mol.of .the compound {Lio,o4(Ko.5Nao.5)o.96}(Nbo;86Tao.iSb0.06)03 expected 
to be obtained by formulation by the above stoichiometric ratio and sintering. That is, 0.001 to 0.5 mol of the silver was 
incorporated. 

[0461] The fonnulations were mixed by ball mills in acetone for 24 hours to fabricate mixtures. 

[0462] Next, in the same way as Sample E1 to Sample E7 of the Example Group II. the mixtures were calcined, 

25 granulated, shaped, sintered, and polarized to prepare 16 types of piezoelectric ceramic compositions. These were 
used as Sarnple X1 to Sample XI 6. The ratios of the materials and additive in the samples are shown in Table 1 7, 
[0463] Further, in Samples XI to X16 obtained.here, the Ag20 of the additive may be contained in the grains or at 
the grain boundaries of the piezoelectric ceramic compositions in part in its inherent fomri or in the fonn of compounds 
such as perovskite structure compounds with at least one of the basic composition elements lithium, sodium, potassium, 

30 niobium, tantalum, and antimony and may be contained in part in a state with the silver in the Ag20 substituting at least 
part of the lithium, potassium, and sodium of the {Uo.o4(Ko.5Nao.5)o.96}(Nbo.86f"ao.iSbo.o4)03. In particular, when the 
amount added.of the AggO exceeds 0.1 mol with respect to 1 mol of the compound of the above {Lio.o4(Ko 5rMao.5)o.96] 
(Nbo 86"r'^o.iSbo.o4)03. that is, when the content of the metal element silver exceeds 0.2 mol, the AggO of the additive 
easily precipitates in the fomn of silver and or AggO or a compound containing silver at the grain boundaries of the 

35 piezoelectric ceramic compositions. 

[0464] In these examples, to clarify the effects of the incorporation of Ag, samples were prepared by substitutional 
addition that part of (Ko.sNao.s) is substituted by Ag. For example, sample X8 had a composition of {LI0.04 
(Ko,5No.5)o.86Ago.io}(Nao.84'rao.iTo.iSbo.o6)03- 

[0465] Next, in these examples, to clarify the effects of the incorporation of Ag20, a sample not containing Ag20 as 

40 an additive was prepared. 

[0466] Specifically, first, at least. 99% purity high purity U^CO^, NagCOg, KgCOg, Nb205, Ta204, and SbgOg were 
prepared. These materials were mixed by a stoichiometric ratio giving a compound of {LIq 04(Kq 5NaQ5)o96} 
(Nbo.84'f^o.iSb0.06)03, then mixed by a ball mill in acetone for 24 hours to obtain a mixture. This mixture was calcined, 
granulated, shaped, sintered, and polarized in the same way as in Samples El to E7 of the examples of the Invention 

45 11 obtain a piezoelectric ceramic composition (Sample Yl). The composition of the Sample Y1 is shown in Table 17. 
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(Table 17) 



Sample Composition ratio of Additive Added 

sample element 



10 






X 


y 


z 


w 


Comp. 


Am*t: 

added 

(mol) 


Type 


added 
(moi) 


15 


Sample 


XI 


0.04 


0-5 


0.1 


0.6 




0.0005 


Ag 


0.001 




Sample 


X2 


0.04 


0.5 


0.1 


0.6 


AgjO 


0.0015 


Ag 


0.003 




Sample 


X3 


0.04 


0.5 


0-1 


0 . 6 




0.0025 


Ag 


0.005 


20 


Saimple 


X4 


0.04 


0.5 


0.1 


0. e 


AgjO 


0.005. 


Ag 


0.01 


Sample 


X5 


0.04 


0.5 


0.1 


0.6 


Ag^O 


0.01 


Ag 


.0.02 




Sample 


X6 


0.04 


0.5 


0.1 


0.6 


Ag^C 


0.02 


Ag 


0.04 




Sample 


X7 


0.04 


0.5 


0.1 


0.6 


AgjO 


0.04 


Ag 


0.08 


25 


Sample 


X8 


0.04 


.0.5 


0.1 


0.6 


Ag,0 


0.05 


Ag 


0.01 




Sample 


X9 


0.04. 


0.5 


0.1 


0.6 


AgjO 


0.075 


Ag 


0.15 




Sample 


XIO 


0.04 


0.5 


0.1 


0.6 


AgjO 


0.1 


Ag 


0.2 


30 


Sample 


Xll 


0.04 


0-5 


0.1 


0.6 


Ag,0 


0.125 


Ag 


0.25 




Sample 


V 1 1 

A J. 


f\ f\ A 
V • V ■* 


0.5 


n 1 


r\ c 
w « O 




n -I c 


Ag 


A t 




Sample 


X13 


0.04 


0.5 


0.1 


0.6 


AgjO 


0. 175 


^5 


0.36 




Sample 


XI 4 


0.04 


0.5 


0.1 


0.6 


AgjO 


0-2 


Ag 


0.4 


35 


Sample 


XIS 


0.04 


0.5 


0.1 


0.6 


Ag,0 


0.225 


Ag 


0.45 




Sample 


X16 


0.04 


Q.5 


0.1 


0.6 


AgjO 


0.25 


Ag 


0.5 




Sample 


Yl 


0.04 


0.5 


0.1 


0.6 




0 




0 



40 



[0467] Next, the Samples X1 to X16 and Sample Y1 were measured for the piezoelectric dg^'constant, electrome- 
chanical coupling coefficient Kp. piezoelectric constant, relative dielectric constant €337/80. dielectric loss tanS, and 
Curie temperature Tc in the same way as in the exarnples of the Invention 11. The results are shown in Table 18. Note 
that Table 1 8 also shows the results of Sample C1 prepared in the examples of the Invention It for comparison. . 



(Table 18) 





d3i (pmA/) 


Kp 


931 (X 1 0-3 VnrVN) 




tanS 


Tc 

(OC.) 


Sample X1 


117.2 


0.495 


7.19 


1845.2 


0.023 


271 


Sample X2 


118.3 


0.495 


7.22 


1 849.2 


0.021 


271 


Sample X3 


119.5 


0.498 


7.20 


1860.0 


0.01 8 


269 


Sample X4 


120.4 


0.503 


7.19 


1891.2 


0.016 


266 


Sample X5 


119.1 . 


0.496 


6.97 


1894.7 


0.017 


263 


Sample X6 


118.7 


0.494 


6.81 


1891.5 


0.018 


257 


Sample X7 


118.4 


0.492 


6.43 


1995.1 


0.018 


247 
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10 



15 



20 



25 



30 



35 



(Table 18) (continued) 





(pm/V) 


Kp 


931 (X 1 0-3 Vm/N) 


C33-p/8o 


tanS 


Tc 

("C) 


Sample X8 


117.2 


0.482 


6.35 


1978.9 


0.019 


238 


Sample X9 


116.1 


0.450 


6.00 


2183.6 


0.020 


227 


Sample X10 


101.6 


0.396 


5,07 


2262.1 


0.022 


213 


Sample X11 


51.8 


0.301 


2.89 


2024.5 


0.032 


198 - 


Sample X12 


34.1 


0.255 


1 .39 


1451.2 


0.035 


185 


Sample XI 3 


22.3 


0.220 


1 .01 


1218.0 


0.037 


170 


Sample XI 4 


12.3 


0.150 


0.65 


857.1 


0.039 


155 


Sample XI 5 


8.9 


0.100 


0.60 


841.0 


0:039 


140 


Sample X16 


5.6 


0.050 


0.55 


824.8 


0.040 


125 


Sample CI 


37.6 


0.334 


9.9 


429 


0.036 


415 


Sample Y1 


114,9 


0.494 


7.05 


1840.8 


0.027 


269 



[0468] As will be understood from Table 1 8. the Samples X1 to X9 had a higher piezoelectric d^^ constant and relative 
dielectric constant e33,/eo than the Sample Y1 and Sample CI . Further, the dielectric losses tanS were also smaller 
than the Sample Y1 and Sample CI and therefore superior. 

[0469] That is, as will be understood from Table 1 7 and Table 1 8. when the amount of the Ag^O added as an additive 
is 0.001 mol to 0.15 mol in content of the added element silver with respect to 1 mo I of the compound of the above 
general fonnula, the piezoelectric ceramic composition is particularly superior in the piezoelectric constant, relative 
dielectric constant Zqsj/eq, and dielectric loss tan5. ' 
[0470] Further, as will be understood from Table 1 8, the Samples X 1 to X9 exhibited superior properties of about the 
same extent as the Sample Y1 in the electromechanical coupling coefficient Kp, pgs^C, and Curie temperature Tc as 
well. 

[0471] On the other hand, in the case of Samples XI 0 to XI 6, that is, when the amounts of AggO of the additive is 
over 0.15 mol in temns of content of the added element silver, values lower than even the Sample Y1 were exhibited 
In all properties such as the piezoelectric dg^ constant and also the electromechanical coupling cbetficient Kp, piezo- 
electric g^i constant, relative dielectric constant essr/eo* dielectric loss tan6. and Curie temperature TC. 
[0472] In this way, according to the present examples, It is found that when the content of the added element is 0.001 
mol to 0.15 mol. the properties of the piezoelectric ceramic composition are improved the most remarkably. Note that 
while not shown in the table, the same effects as in these examples were obtained for the other metal elements as well. 
[0473] According to our findings, the additives can effectively enhance piezoelectric properties etc, either by substi- 
tutional addition or external addition, while not shown in the present examples. Further, the same effect as in these 
examples were obtained for the other piezoelectric ceramic compositions containing other main ingredients com- 
pounds. 
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Example Group IV 

[0474] Next, the piezoelectric ceramic compositions of Example Group IV will be explained. In these examples, 
piezoelectric ceramic compositions were produced and measured in physical properties. The piezoelectric ceramic 
compositions of these examples were piezoelectric ceramic compositions containing as main Ingredients compounds 
of a general fonnula {Llx(Ki.yNay)i.x}(Nb-,.z.„Ta2Sb„)03 where x, y, z. and w were in the ranges of 0^x^0.2, 0<y<1. 
0<z^0.4, and 0<w^0.2. The piezoelectric ceramic compositions included added elements of at least one metal element 
selected from, nickel, iron, manganese, copper, and zinc. Further, the total of the contents of the added elements was 
from 0.001 mol to 0.08 mol with respect to 1 mol of the compound of the above general formula. 
[0475] The method of production of the piezoelectric ceramic compositions of these examples comprises mixing a 
compound containing lithium, a compound containing sodium, a compound containing potassium, a compound con- 
taining niobium, a compound containing tantalum, and a compound containing antimony by a stoichiometric ratio giving, 
after sintering, a compound of a general fonnula {Li^(Ki.yNay)i,J(Nbi.;,.^Ta^SbJ03 where x, y, z, and w are in the 
ranges of 0<x<0.2. 0<y<1 . 0<z<0.4, and 0<w^0.2, mixing an additive containing at least one metal element selected 
from nickel, iron, manganese, copper, and zinc, and sintering the result. 

[0476] Next, the method of production of the piezoelectric ceramic compositions of these examples will be explained 
in more detail. 

[0477] First, as the materials of the piezoelectric cerannic compositions, over 99% purity, high purity Li2C03, NagCOa, 
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K2CO3, Nb205, Ta205. and SbgOg and, as the additive, NiO, Fe203, MngOg, CugO, and ZnO were prepared. 
[0478] Among these materials, the Li2C03, Na2C03, K2CO3, Nb2C5, TagOg, and SbgOg were mixed by a stoichio- 
metric ratio giving a general formula {Li^ (Ki.yNay)^.x)(Nbi.2.v,,Ta2Sb^)03 where x, y, z, and w are x=0.04, y=0.5, z=0.1 , 
and w=0.04, that is, a stoichiometric ratio whereby the general formula becomes {Lio.o4(KQ 5NaQ5)o.96} 
5 (NbQ 86~^^o.i ^1^0.04) )^3> ^^^^ the NiO, Fe203, MngOg, CUgO, and ZnO serving as the additives were mixed to obtain 
five types of formulations. 

[0479] Regarding the amounts of incorporation of these additives, the NiO, Fe203, Mn205, GU2O, and ZnO of the 
additives were included in amounts of 0.01 mol, 0.005 mol, 0.005 mol, 0.005 mol, and 0.01 mol, respectively, with 
respect to 1 mol of the compound {Lio.o4(Ko 5Nao 5)0.96) (Nb© ,86^^.1 Sbo.o4))03 expected to be obtained by fomnulation 
10 by the above stoichiometric ratio. That is, 0.01 mol of the metal element included in each additive was incorporated. 
[0480] The fomnulations were kneaded by ball mills in acetone for 24 hours to fabricate mixtures. 
[0481 ] Next, the mixtures were calcined at ZSCC for 5 hours, then the calcined mixtures was pulverized by ball mills 
for 24 hours. Next, polyvinyl butyral was added as a binder and the results granulated. 

[0482] The powders after granulation were press formed into disk shapes of a diameter of 13 mm and a thickness 
15 of 2 mm by a pressure of 2 tons/cm^. The shaped articles were sintered at 1 000 to 1 300®c for 1 hour to prepare sintered 
bodies. Note that the sintering temperature at this time was the temperature giving the greatest density by 1 hour of 
sintering selected from 1 0OO^C to 1 300°C. Further, at this time, the sintered bodies were densified to a relative density 
of at least 98%. 

[0483] Next, the two surfaces of the sintered bodies after sintering were cyiindricatly polished, then the two surfaces 
20 of the disk samples were provided with metal electrodes by sputtering. Further, a DC voltage of 1 to 5 kV/mm was 
supplied between the electrodes for 10 minutes in lOO'^'G silicone oil to give polarization in the thickness direction and 
produce the piezoelectric ceramic compositions. 

[0484] In this way, five types of piezoelectric ceramic compositions (Samples D1 to D6) were prepared. The ratios 
of the materials and additives in the samples are shown in Table 19. 
. 25 [0485] These samples were prepared by external addition of each additive as described above. 

[0486] Note that as a method different from the method of production of these examples, it is also possible to fabricate 
piezoelectric ceramic compositions similar to the Samples D1 to D5 by fabricating a compound of the above {Lio.04 
(^.5Nao.5)o.96}(Nbo.86"^'^.i^'^o.04)03 Sintering, pulverizing this, mixing the result with the above additives, then cal- 
cining, granulating, shaping, and sintering the results in the same way as the method of production of the present 
30 examples. 

[0487] Further, in Samples D1 to D5 of these examples, the NiO, Fe203, Mn205, CU2O, and znO of the additives 
may be contained in the grains or at the grain boundaries of the piezoelectric ceramk: compositions in part in their 
inherent form or in the form of compounds such as perovskite structure compounds with at least one of the basic 
composition elements lithium, sodium, potassium, niobium, tantalum, and antimony and may be contained in part in a 

35 state with the nickel, iron, manganese, copper, and zinc atoms substituting at least part of the lithium, potassium, 
sodium, niobium, tantalum, and antimony of the compound of the above {Lio.o4(^o.5NaQ 5)0.96} (Nbo.es^^.i ^^0.04)^3- 
In particular, nrietal elements which can become +1 or +2 values such as copper, nickel, iron, and zinc easily substitute 
at least part of the lithium,, potassium, and sodium of the compound. Further, metal elements which can become +3 to 
+6 values such as iron and manganese easily substitute at least part of the niobium, tantalum, and antimony of the 

^ compound. 

[0488] Next, in these examples, to-clarify the superior properties of the piezoelectric ceramic compositions, compar- 
isons (Sample C1 and Sample C2) were fabricated in the same way as in Example Group It. The compositions of the 
Sample CI and Sample C2 are shown in Table 19. 
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10 



Composition ratio of 
sample 



Additive 



w 



Comp. 



Am»t 

added 

(mol) 



Added 
element 



Type 



Am* t 

added 

(jaol) 



15 



20 



25 



30 



35 



40 



45 



50 



55 



Sample 


Dl 


0 . 04 


0.5 


0.1 


0.4 


Pe,0, 


0.005 


re 


0.01 


Sample 


D2 


0-04 


0.5 


0.1 


0.4 


NiO 


0.01 


Ni 


• 0.01 


Sample 


D3 


0 . 04 


0.5 


0.1 


0.4 




0.005 


Mn 


0.01 


Seunple 


£>4 


0.04 


0.5 


0.1 


0.4 


ZnO 


0.01 


2n 


0.01 


sample 


D5 


0.04 


0.5 


0.1 


0.4 


CUjO 


0.005 


Cu 


0.01 


Sample 


CI 


0 


0.5 


0 


0 




0 




0 


Sample 


C2 


0.04 


0.5 


0.1 


0.4 




0 




0 



[0489] Next;. the Samples D1 to D5 and Samples C1 and C2 were measured for the piezoelectric 6^^ constant, 
electromechanical coupling coefficient Kp, piezoelectric 93., constant, mechanical quality factor Qm, relative dielectric 
constant e^st^Zq, dielectric loss tan5, and Curie temperature Tc. The piezoelectric d3., constant, piezoelectric 93"^ con- 
stant, electromechanical coupling coefficient Kp, and mechanical quality factor Qm were measured by the resonance- 
antiresonance:method using an impedance analyzer (Precision Impedance Analyzer 4294A made by Agilent Co.) The 
dielectric loss tanb and relative dielectric constant €337^80 were measured at a measurement frequency of 1 kHz using 
an impedanca-analyzer the same as the above. For the Curie temperature Tc, the temperature giving the highest 
relative dielectric constant e^^^T^to was made the Curie temperature Tc. The results are shown in Table'20. 



(Table 20) 





(pnW) 


Kp 


931 (X 10-3 Vm/N) 


Qm 




tan6 


Tc 

rc) 


Sample D1 


100.5 


0.484 


8.06 


56.4 


1408.1 


0.022 


299 


Sample D2 


98.6 


0.496 


8.63 


94.6 


1290.4 


0.018 


312 


Sample D3 


86.5 


0.424 


6.99 


67.5 


1398.3 


0.019 


311 


Sample D4 


79.3 


0.429 


7.61 


56.7 


1176.7 


0.020 


311 


Sample D5 


72.7 


0.419 


7.82 


136.5 


1049.3 


0.007 


. 301 


Sample C1 


37.6 


0.334 


9.9 


100.6 


329 


0.036 


415 


Sample C2 


96.1 


0.452 


7.81 


48.4 


. 1389.3 


0.026 


. 308 



[0490] As will be understood from Table 20, the Samples Dl to D5 had superior properties compared with the con- 
ventional piezoelectric ceramic composition of the Sample CI in the piezoelectric d^^ constant, electromechanical 
coupling coefficient Kp, mechanical quality factor Qm, relative dielectric constant £33-^/80, and dielectric loss tanS. Fur- 
ther, the Samples Dl to D5 had equal or better properties even compared with the Sample C2 in the piezoelectric 6^^ 
constant, electromechanical coupling coefficient Kp, piezoelectric gg, constant, mechanical quality factor Qm, relative 
dielectric constant £337^80, dielectric loss tanS, and Curie temperature Tc. Further, as will be understood from Table 20, 
the Samples Dl to D5 had high mechanical quality factors Qm of at least 50 while maintaining high piezoelectric d3^ 
constants of at least 70 pm/V and therefore were superior in both the piezoelectric dg^ constant and the mechanical 
quality factor Qm. Therefore, the Sample Dl to Sample D5 can be used as high performance piezoelectric elements. 
[0491] Here, taking note of the piezoelectric d3., constant, as will be understood from Table 20. the piezoelectric 
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constant of the Sample D1 exhibited the highest value of 100.5 pm/V. 

[0492] When using the composition as a charge detection type circuit or a cun-ent detection type circuit, in general 
the piezoelectric 6^-^ constant is proportional to the output voltage of an accelerator sensor, weight sensor, impact 
sensor, Icnocic sensor, and other piezoelectric type sensors. Seen from this point, it is possible to prepare a sensor with 
5 a charge sensor output larger the higherthepiezoelectrtcd3^ constant of the piezoelectric ceramic composition. Further, 
to fabricate a sensor having properties equal to or better than Sample C1 , it can be said to be preferable to have a 
pie2oelectric.d3i constant of at least 30 pmA/. Further, to fabricate a high sensitivity sensor raised in the signal-to-noise 
ratio (SN ratio) and output voltage, the piezoelectric d3^ constant should be at least 80 pnW More preferably it should 
be at least 1 00 pm/V. 

10 [0493] Further, when using the composition as an actuator, in general the piezoelectric d3^ constant is proportional 
to the generated distortion or displacement of the piezoelectric actuator. Seen from this point, it is possible to produce 
an actuator with a larger generated distortion or displacement the higher the piezoelectric constant of the piezoe- 
lectric ceramic composition. Further, to fabricate an actuator having properties equal to or. better than the comparison, 
it can be said preferable to have a piezoelectric 6^^ constant of at least 30 pmv. More preferably it should be at least 

15 40 pmA/. Further, to fabricate an actuator with a large displacement, the piezoelectric 6^^ constant should be at least 
80 pmA/. More preferably, it should be at least 100 pm/V. 

[0494] Further, talcing note of the electromechanical coupling coefficient Kp, as will be understood from Table 20, 

the electromechanical coupling coefficient Kp of Sample D2 exhibits its highest value of 0.496. 

[0495] In general, the electromechanical coupling coefficient Kp is proportional to the electromechanical energy con- 

20 version efficiency of the piezoelectric transformer, ultrasonic motor, actuator, ultrasonic vibrator, etc, Seen from this 
viewpoint, it is possible to produce a piezoelectric transformer, ultrasonic motor, actuator, ultrasonic vibrator, etc. having 
a higher electromechanical energy conversion efficiency the higher the electromechanical coupling coefficient Kp of 
the piezoelectric ceramic composition. Further, to fabricate a piezoelectric transformer, ultrasonic motor, actuator, ul- 
trasonic vibrator etc. haying properties equal to or better than thecomparison Sample C1 , it can be said to be preferable 

25 to have an electromechanical coupling coefficient Kp of at least 0.3. More preferably, It should be at least.0.34. Still 
more preferably, it should be at least 0.4. Most preferably, it should be at least 0.45. 

[0496] Taking note of the mechanical quality factor Qm, as will be.understood from Table 20, the mechanical quality 
factor Qm of Sample D5 exhibited the highest value of 136.5. 

[0497] Taking note of the Curie temperature Tc, the Curie temperatures Tc of Samples D1 to D5 are all high values 
30 of at least 206°C. Therefore, the piezoelectric ceramic compositions of the present examples (Sanhples D1 to D5) can 
be utilized as knock sensors or other high temperature sensors, actuators, ultrasonic motors, etc. able to be used 
stably over a long period at high temperature locations such as near an automobile engine. 

[0498] For further long-temn stable use as a hijgh temperature isensor, actuator, ultrasonic motor, etc., the Curie 
temperature Tc is preferably at least ^OO^'C. More preferably it should be at least 250**C. 
• 35 [0499] Taking note of the piezoelectric g3^ constant, as will be understood from Table 20, the piezoelectrte g3.| con- 
stant of Sample D2 exhibits its highest value at 8.63 x lO"^ Vm/N. 

[0500] The piezoelectric g3i constant, like the piezoelectric d^^ constant, is proportional to the output voltage of a 

piezoelectric sensor, piezoelectric element,* ultrasonic motor, etc. Therefore, it is possible to produce a sensor with a 
larger voltage sensor output the higher the piezoelectric g^^ constant of the piezoelectric ceramic composition. Further, 
^ to fabricate a sensor having properties equal to or better than the comparison, it can be said to be preferable to have 
a piezoelectric 93-, constant of at least 7 x 10"^ Vm/N. More preferably, it should be at least 8 x 10'^ Vm/N. 
[0501 ] Taking note of the relative dielectric constant C33VC6' relative dielectric constants £33y/£o Samples 
D1 to D5 are extremely high values of at least 1000. 

[0502] The relative dielectric constant £337/^0 is generally proportional to the' electrostatic capacity of a multilayer 
4$ capacitor or other capacitor Seen from this point, it is possible to produce a capacitor with a larger electrostatic capacity 
the higher the relative dielectric constant of the piezoelectric ceramic composition. To fabricate a capacitor. It can be 
said to be preferable to have a relative dielectric constant of at least 400. More preferably, it should be at least 430. 
Still more preferably, it should be at least 600. 

[0503] Taking note of the dielectric loss tans, the dielectric losses tan6 of the Samples D1 to D5 are extremely low 

50 values of not more than 0.22. 

[0504] The dielectric loss is proportional to the heat energy lost by a capacitor coniponent or other capacitor, piezo- 
electric ultrasonic motor, piezoelectric actuator, piezoelectric transformer, or other component when applying an AC 
voltage to that cohnponent. Seen from this point, it is possible to fabricate a capacitor with a smaller energy loss or a 
piezoelectric ultrasonic motor, piezoelectric actuator, or piezoelectric transformer with a smaller heat generation the 

55 smaller the dielectric loss of the piezoelectric ceramic composition. Further, to fabricate a component with a small 
dielectric loss, it is preferable to have a dielectric loss of not more than 0,09, More preferably, it should be not more 
than 0.035. Still more preferably, it should be not more than 0.025. 

[0505] As explained above, the piezoelectric ceramic compositions (Sample D1 to Sample D5) of the present exam- 
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pies are of compositions not containing lead and have superior piezoelectric properties and dielectric properties. There- 
fore, they are safe to the environment and can be utilized for high perfonnance piezoelectric elements and dielectric 
elements. 

[0506] Further, the piezoelectric ceramic compositions of these examples, as explained above, are particulariy su- 
5 perlor in the mechanical quality factor Qm. Therefore, the piezoelectric ceramic compositions are particularly suitable 
for piezoelectric actuators, ultrasonic motors, piezoelectric transformers, piezoelectric vibrators, etc. with little heat 
generation. 

Example Group y 

10 

[0507] These examples are of compounds of the above general fonnula {Lix(K^.yNay),.J(Nbi.2.wTazSbJ03 contain- 
ing different amounts of NiO as additives in order to determine the critical range of content of the additive. 
[0508] First, as the materials of the piezoelectric ceramic composition, over 9g% purity high purity Li2C03, Na2C03, 
K2CO3, NbgOg, TajOg, and SbgOg and, as the additive, NiO were prepared. 

15 [0509] Among these materials, the LigCOa, NagCOa, K2CO3, NbgOg, TagOg. and Sb205 were mixed by a stoichio- 
metric ratio giving a general fonnula {Lix(Ki.yNay).,.J(Nb^.2^Ta^Sb JO3 where x, y, z. and w are x=0.04, y=0.5, z=0.1 , 
and w=0.06, then the NiO serving as the additive was mixed in different amounts to obtain five types of formulations. 
[0510] Regarding the amounts.of incorporation of the NiO, the NIO of the additive was included In amounts of 0.001 
mol to 0.08 mol with respect to 1 mol of the compound {Lio.o4(Ko.5Nao.5)o.96}(Nbo.86Tao.iSbo.o4)03 expected to be 

20 obtained by formulation by the above stoichiometric ratio. At this time, the amount of Ni of the added element was 
0;001 to 0.08 mol. 

[051 1 ] The formulations were kneaded by bail mills rn acetone for 24 hours to fabricate mixtures. 

[0512] Next, in the same way as Sample 01 to Sample 05 of the Example Group IV, the mixtures were calcined, 

granulated, shaped, sintered, and polarized to prepare five types of piezoelectric ceramic compositions. These were 

?5 used as Sample G1 to Sample G5. The ratios of the materials and additive in the samples are shown In Table 21 . 
[0513] In these examples, to clarify the effects of the incorporation of Ni, samples were prepared by external addition 
to main ingredients compounds. 
• [0514] Further, in Samples G1 to G5 obtained here, the NiO of the additive may be contained in the grains or at the 
grain boundaries of the piezoelectric ceramic compositions in part in its inherent fortn or in the form of compounds 

?o such as perovskite structure compounds with at least one of the basic composition elements lithium, sodium, potassium, 
niobium, tantalum, and antimony and may be contained In part in a state with the nickel in the NiO substituting at least 
part of the lithium, potassium, and sodium of the {Lio.o4(Ko.5Nao.5)o.96}(Nbo.86Tao.iSbo.o4)03- >n particular, when the 
amount added.of the NI as the added element Included In the additive NIO exceeds 2 mol with respect to 1 mol of the 
compound of the above {Lio.o4(*<o.5*^o.5)o.96)(Nbo.86"fao.iSbo.o4)03. the NiO of the additive easily precipitates in the 

J5 fomn of nickel and or NiO or a compound containing nickel at the grain boundaries of the piezoelectric ceramic com- 
positions. 

. [0515] Next, in these examples, to clarify the effects of the incorporation of NiO, a sample not containing NiO as an 
additive was prepared. 

[0516] Specifically, first, at least 99% purity high purity U^CO^, Na2C03, K2CO3, NbgOg. Ta204, and SbgOg were 
w prepared. These materials were mixed by a stoichiometric ratio giving a compound of {Lio.o4(Ko.5Nao 5)096} 
(Nb0.84Tao ,SbQ 04)03 then mixed by a ball mill in acetone for 24 hours to obtain a mixture. This mixture was calcined, 
granulated, shaped, sintered, and polarized in the same way as in Samples D1 to D5 of the Example Group IV to obtain 
a piezoelectric ceramic composition (Sample PI ). The composition of the Sample PI is shown In Table 21 . 
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(Table 21) 



Sample no. Composition ratio of Additive Added 

sample element 







X 


y 


z 


w 


Comp. 


Am* t 

added 

(mol) 


Type 


Am' t 

added 

(mol) 


Sample 


Gl 


0.04 


0.5 


0.1 


0.4 


MiO 


0.001 


Mi 


0.001 


Sample 


62 


0.04 


0.5 


0.1 


0.4 


MiO 


0.01 


Ni 


0.01 


Sample 


63 


0.04 


0.5 


0.1 


0.4 


MiO 


0.02 


Mi 


0.02 


Sample 


64 


0.04 


0.5 


0.1 


0.4 


MiO 


0.04 


Mi - 


0.04 


Sample 


65 


0.04 


0.5 


p.l 


0.4 


MiO 


0.08 


Mi 


0.08 


Sample 


PI 


0.04 


0.5 


0.1 


0.4 




0 




0 



[0517] Next, the Samples G1 to G5 and Sample P1 were measured for the piezoelectric constant,. electrome- 
chanical coupling coefficient Kp, piezoelectric constant, mechanical quality factor Qm, relaitive dielectric constant 
Z23i^Zq, dielectric loss tan5, and Curie temperature Tc In the same way as In Example Group I. The results are shown 
in Table 22. Note that Table 22 also shows.the results of Sample C1 prepared In Exaniple Group IV for. comparison. 



(Table 22) . 





(pmAO 


Kp 


931 (xlb-3 Vm/N) 


Qm 


£337^60 


tanS 


Tc 

rc) 


Sample G1 


97.2 


0.487 


7.91 


65.2 


1392.3 


0.022 


309 


Sample G2 


98.8 


0.489 


8.42 


78.8 


1266.5 


0.021 


312 


Sample G3 


100.5 


0.489 


8.11 


75.3 


.1399.5 


0.019 


319 


Sample G4 


97.6 


0.472 


7.73 


78.4 


1411.5 


0.020 


322 


Sample G5 


94.7 


0.482 


7.65 


93.3 


1398.5 


0.019 


325 


Sample C1 


37.6 


0.334 


9.9 


100.6 


429 


0.036 


415 


Sample P1 


96.1 


0.452 


7.81 


48.4 


1389.3 


0.026 


308 



[0518] As will be understood from Table 22, the Samples Gl to G5 had a superior piezoelectric d^^ constant, elec- 
tromechanical coupling coefficient Kp, piezoelectric 93^ constant, mechanical quality factor Qm, relative dielectric con- 
stant e33T/£o. dielectric loss tanS, and Curie temperature Tc equal or better than the Sample C1 and Sample PI . In 
particular, the mechanical quality factor Qm was greatly improved in each of the Samples G1 to G5 compared with the 
Sample PI not containing NiO as an additive. 

[0519] As will be understood from Table 21 and Table 22, when the amount of the NiO added as an additive is 0.001 
mol to 0.08 mol in content of the added element nickel with respect to 1 mol of the compound of the above general 
formula, the piezoelectric ceramic composition Is particularly superior in the piezoelectric properties and dielectric 
properties. Note that while not shown in the tables, the same effects as in these examples were obtained for the other 
metal elements as well. 

[0520] According to our findings, the additives can effectively enhance piezoelectric properties etc. either by substi- 
tutional addition or external addition, while not shown in the present examples. Further, the same effect as in these 
examples were obtained for the other piezoelectric ceramic compositions containing other main ingredients com- 
pounds. 
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Example Group VI 

[0521] Next, the piezoelectric ceramic compositions of Example Group VI will be explained. In these examples, the 
above piezoelectric ceramic compositions were produced and measured in physical properties. The piezoelectric ce- 

5 ramie compositions of these examples were piezoelectric ceramic compositions containing as main ingredients com- 
pounds of a general fonnula {Lij^(Ki.yNay)^.^)(Nb^.2-w'r3z^b^)03 where x, y, z, and w are in the ranges of 0<x<0.2, 
0<y<1 , 0<z<0,4, and 0<w<0.2. The piezoelectric ceramic connpositions included added elements of at least one metal 
element selected from silver, aluminum, gold, boron, barium, bismuth, calcium, cerium, cobalt; cesium, copper, dys- 
prosium, erbium, europium, iron, gallium, gadolinium, gemnanium, hafnium, holmium, indium, iridium, lanthanum, lute- 

10 tium, magnesium, manganese, neodymium, nickel, palladium, praseodymium, platinum, rubidium, rhenium, ruthenium, 
scandium, silicon, samarium, tin, strontium, terbium, titanium, thulium, vanadium,. yttrium, ytterbium, zinc, and zirconi- 
um. Further, the total of the contents of the added elements was 0.01 mol with respect to 1 mol of the compound of 
the above general formula. Further, the open porosity of the piezoelectric ceramic compositions was not more than 
0.4vol%. 

15 [0522] The method of production of the piezoelectric ceramic compositions of these examples comprises mixing a 
compound containing lithium, a compound containing sodium, a compound containing potassium, a compound con- 
taining niobium, a compound containing tantalum, and a compound containing antimon/by a stoichiometric ratio giving, 
after sintering, a compound of a general fonnula {Lix(Ki.yNay)^.J(Nbi.2.„Ta2Sb^)03 where x, y, z, and w are in the 
ranges of 0<x<0.2, 0<y<1, 0<z<0.4, and 0<w<0.2, mixing an additive containing at least one metal element selected 

20 from silver, aluminum, gold, boron, barium, bismuth, calcium, cerium, cobalt, cesium, copper, dysprosium, erbium, 
europium, iron, gallium, gadolinium, germanium, hafnium, holmium, indium, iridium, lanthanum, lutetium, magnesium, 
manganese, neodymium. nickel, palladium, praseodymium, platinum, rubidium, rhenium, ruthenium, scandium, silicon, 
samarium, tin, strontium, teriDium, titanium, thulium, vanadium, yttrium, ytterbium, zinc, and zirconium, and sintering 
the result. 

25 [0523] Next, the method of production of the piezoelectric ceramic compositions of these examples will be explained 
-in more detail. 

[0524] First, as the materials of the piezoelectric ceramic compositions, over 99% purity high purity Li2C03, Na2C03, 
K2CO3, NbgOg, Ta205, and SbgOg ZnO were prepared. 

[0525] Next,. these materials and at least one compound of AggO, AlgOg, Au, AU2O3, B2O3, H3BO3, BaO, BaOg, 
30 BaCOg, BI2O3, CaO, CaCOg, CeOg. 002(003)3, CoO, C03O4, C0CO3, CsgCOg, CuO. CugO, DygOa, EraOa, EugOs. 
FegOa, GagOg, GdaOg, GeOg, Hf02, H0O3, InaOs, IrOg, \r2O2, LazO^, LU2O3, MgO, MgC204, MnO, MnOg, MngOg, 
Mn304, NdgOa, Nd2C03, NiO, NiC03, PdO, PrgOa, PtqO^^, Pr2{C03)3), RO2, Kb20, Rb2C03, Re207, RUO2, SC2O3, 
SiOg, SiO, SIC, SmgOa. SnO, SnOg, SrO, SrCOg, Tb407, TIO, Ti203, Ti02, Tm203, V2O3, V2O4, VgOe, Y2O3, Y2(C03)3, 
Yb203, ZnO, and ZrOa were mixed by compositions of the compound {Lio.o4(Ko.5Nao 5)0.96) (NbQ 86Tao^Sbo.o4)03 con- 
35 taining the metal elements included in the above additives in the piezoelectric ceramic compositions to obtain 47 types 
of formulations. The elements added may be present in the crystal grains of the piezoelectric ceramic compositions or 
at the crystal grain boundaries. 

[0526] Regarding the amounts of incorporation of these additives, the the additives were included in the amounts 
shown in Table 23 and Table 24 with respect to 1 mol of the compound {Lio.o4(Ko.5Nao.5)o.96}(Nbo.86^aQ iSbo 04))O3 
^ expected to be obtained by fonnulation by the above stoichiometric ratio and sintering. At this time, the contents of the 
additives were set so that the amounts of the metal elements included in the additives became 0.01 mol no matter 
which of the additives included in. 

[0527] The fonnulations were mixed by ball mills In acetone for 24 hours to fabricate mixtures. 

[0528] Next, the mixtures were calcined at 750°C for 5 hours, then the calcined mixtures was pulverized by ball mills 

45 for 24 hours. Next, polyvinyl butyral was added as a binder and the results granulated. 

[0529] The powders after granulation were press formed into disk shapes of a diameter of 1 3 mm and. a thickness 
of 2 mm by a pressure of 2 tons/cm2. The shaped articles were sintered at 1 000 to 1 300''C for 1 hour to prepare sintered 
bodies. Note that the sintering temperature at this time was the temperature giving the greatest density by 1 hour of 
sintering selected from 1 0OO^C to 1300*»C. Further, at this time, the sintered bodies were densified to a relative density 

50 of at least 98%. 

[0530] Next, the two surfaces of the sintered bodies after sintering were cylindrically polished, then the two.surfaces 
of the disk samples were provided with metal electrodes by sputtering. Further, a DC voltage of 1 to 5 kV/mm was 
supplied between the electrodes for 10 minutes in 1 0Q'^C silicone oil to give polarization in the thickness direction and 
produce the piezoelectric ceramic compositions. 
55 [0531] In this way, 47 types of piezoelectric ceramic compositions (Samples HI to H47) were prepared. The ratios 
of the materials and additives In the samples are shown in Table 23 and Table 24. 

[0532] Note that as a method different from the method of production of these examples, it is also possible to fabricate 
piezoelectric ceramic compositions similar to the Samples H1 to H47 by fabricating a compound of the above {Lio.04 
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(Kq sNao 5)o.96}(Nbo.86"'''^.iSbo.o4)03 by sintering, pulverizing this, mixing the result with the above additives, then cal- 
cining, granulating, shaping, and sintering the results in the same way as the method of production of the present 
examples. 

[0533] Next, in these examples, to clarify the superior properties of the piezoelectric ceramic compositions (Samples 
5 H1 to H47), three types of comparisons (Sample Q| to Sample Q3) were fabricated as follows: 

[0534] First, as materials of the comparisons, at least 99% purity high purity Li2C03, NagCOs, K2CO3, Nb205, 73205, 
Sb205; M0O3, and WO3 were prepared. Among these materials, the Li2C03, Na2C03, K2CO3, Nb205, TagOs, and 
SbsOs were mixed by a stoichiometric ratio giving the general fomriula {LIq o4(Ko.5Nao5)o.96KNbo.86'fao.iSbo.o4)03 to 
obtain a formulation. 

.10 [0535] The formulation was mixed by a ball rnill in acetone for 24 hours, then, in the same way as Samples H1 to 
H47, was calcined, granulated, shaped, sintered, and polarized to obtain a piezoelectric ceramic composition for com- 
parison (Sample Q1 ). This Sample Q1 was a piezoelectric ceramic composition not containing any of the above added 
elements. 

[0536] Further, formulations obtained by mixing the ingredients by a stoichiometric ratio to give the above {U0Q4 
(Ko.5Nao,5)o.96}(Nbo.86a'^Qo.iSbo.4)03 M0O3 or WO3 added to them as additives to prepare two types of formula- 
tions. The amounts of the additives added at that time were as shown in Table 24. 

[0537] Next, these formulations were mixed by ball mills in acetone for 24 hours, then, in the same way as Samples 
H1 to H47, were calcined, granulated, shaped, sintered, and polarized.to obtain piezoelectric ceramic compositions 
for comparison (Sample Q2 and Sample Q3). The Sample Q2 and Sample Q3 were compounds containing 0.01 mol 
20 of the M0O3 and WO3 in terms of metal elements with respect to 1 mol of the {Uq 04 (Ko^Nao 5)0 ssKNbo seTao iSbo 04) 

O3. . ... . 

[0538] Next, the apparent densities and the open porosities of the Samples H1 to H47 and the Samples Q1 to Q3 

were measured. The results are shown in Table 23 and Table 24. 

[0539] Note that the open porosity was measured by the following method: 

25 

(Open Porosity) 

[0540] First, the weight of the sample was measured and this figure used as the dry weight. Next, the sample was 
completely immersed in water, bubbles were removed by vacuum, and the sample was made to sufficiently absorb 
30 water. The sample was weighed in the state with the sample immersed in water by the Archimedes method and this 
figure used as the weight in water. Next, the sample was pulled out from the water, the excess water was removed, 
then the weight of the sample was again measured. This figure was used as the weight containing water. 
[0541] Next, the open porosity (vol%) of the sample was calculated from the thus obtained dry weight, weight in 
water, and weight containing water using the following equation (1): 

35 

Open porosity (vol%) = (weight containing water - 
dry weight)/(weight containing water - weight in 

40 

water) (1) 
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Additive 


Added 


element 


Apparent 


Open 














density p 


poros 






Comp. . 


Am' t 


Type 


Content 


after 


y Pop 








added 




(mol) 


sintering 


{vol% 








(mol) 






(g/cm3) 




Sample 


HI 




0. 005 


Ag 


0.01 


4.752 


0 .077 


Sample 


H2 




0* 005 


Al 


0 .01 


4.729 


0.380 


Sample 


H3 


Au 


0 01 


Au 


©•bl 


4.587 


0 .000 


Sample 


H4 




n n 0 


B 


0.01 


4 .719 


0.076 


Sample 


H5 






Ba 


0,01 


4 • 730 


0 .076 


Sample 


H6 




A ti (\ ^ 


Bi 


0 01 


4 


A ^11 


Sample 


H7 


ceo 


0 » V 1 




0 01 


A. i;p A 


A A7^ 


j^aTTiTi 1 ^ 


O. D 


ceo2 


#1 A n c 

0. 005 




A Al 
U • V i. 


* . /O/ 


A ^ 0 C 

U • JOS 


SamnXe 


H9 


COU 


U . U 1 




A A 1 


^ "7 C A 


U • 0 / 0 


Samnle 

T 4 m <^ ^0 


HIO 


C62CO3 






A A 1 


"7 

1 • f ^Xi 


n ^3 Q A 

U • J □ 4 


w aiii ^ X cs 


H 1 1 

11 .L X 


cuo 


0.01 




U « U X 


A "7 0 *5 


0.076 


^» 


HI 2 




A A 1* 

0.005 


oy 


A A 1 


A 7 ^ A 


A A n A 


Sample 


H13 


£1:203 


A A A e 

0 • 005 




A A I 


4 • / 0 / 


A A n A 


Sample 


H14 


EU203 


0 . 005 


&u 


A A 1 
U • V X 


^ • / ^ / 


A ^ 7 A 


S amp 1 e 


HIS 


J-ejOa 


U . 0 U 3 




0 A 1 


4 • / / 4 


- U • X 3 0 


Sample 


HIS 




n Arte 


Ga 


0 01 


d 7*7 1 

*9 • f ^ X 


A n 7fi 


Sample 


H17 


fid 0 
V3U2W3 




Gd 


0 01 

V/ ■ w X 


4 7 7^ 


A n 77 


Sample 


H18 






Ge 


0.01 

W • W X 


4 705 


0 1 ? 1 

W/ « X V X 


Sample 


H19 


Hf Oj 


0.01 


Hf 


0.01 


4 . 757 


0 0 77 


Sample 


H20 


HOjOa 


O.O05 


Ho 


0.01 


4.776 


0.077 


Sample 


H21 




0.005 


In 


0.01 


4.710 


0.000 


Sample 


H22 


IrO, 


0.01 


Ir 


0.61 


4.757 


0.248 


Sample 


H23 


LaaOg 


0.005 


La 


0.01 


4.766 


0 .380 


Sample 


H24 


LU2O3 


0.005 


Lu 


0.01 


4.751 


0.000 


Sample 


H25 


MgO 


0.01 


Mg 


0.01 


4-731 


0.378 


Sample 


H26 


MnO 


0.01 


Mn 


0.01 


4.729 


0.153 


Sample 


H27 




0.005 


Nd 


0.01 


4.749 


0.154 


Sample 


H28 


NiO 


0.01 


Ni 


0.01 


4.737 


0.077 
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(Table 24) 
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Additive 


Added 


elemeni: 


Apparent 


Open. 
















density p 


poros; 












Type 


Content 




Y Pop 


10 












(mol) 




(vol% 
















\^/ cm J ) 




15 




n^y 


PdO 


0.01 




U . U J. 




n n77 








Prp3 


0. 005 




u • U X 


A firm 








n J JL 


PtOj 


0.01 




n 1 
u • U X 


« • / / 4 


U . X DO 


20 






RbiO 


0. 005 


VK- 




4 . / ^ u 




SSLRipXe 




llegO, 


0.005 


Ke 






- U • X3^ 




Sample 




RuOj 


0.01 


RU 


U • OX 


^ 7 C fi 


u • XdJ 




Sample 


H35 


SC2O3 


0.005 


Sc 


0 .01 


. 4 . 731 


0 . 076 


25 


Sample 


H36 


SiOg 


0.01 


SI 


0.01 


4-721 


0 . 000 




Sample 


H37 


SmjOa 


0.005 


Sm 


0 .01 


4 . 709 


0 . 000 




Sample 


H38 


SnOj 


0.01 


Sn 


0.01 


4 .741 


0 . 000 


30 


Sample 


H39 


SrCOi 


0.01 


Sr 


0.01 


4 • 501 


1 . 004 




Sample 


R40 




0.0025 


Tb 


0.01 


4 . 752 


0 • 000 




Sample 


R41 


TiO^ 


0.01 


Ti 


0.01 


4 . 691 


A AAA 

0 . 000 




Sample 


H42 




0.005 


Tm 


0.01 


4 . 778 


0 . 077 


35 


Sample 


H43 




0.01 


V 


0.01 


4 • €96 


f\ g\r\r\ 
V . OUO 




Sample 


H4 4 


y,03 


0.005 


y 


0.01 


4 . 7 0 7 


A AAA 




Sample 


H45 


Yb203 


0.005 


Yb 


0,01 


4 • 769 


0 . 155 


40 


Sample 


H4 6 


2llO 


0.01 


Zn 


0.01 


4.751 


0.308 


Sample 


H47 


ZrOa 


0. 01 


2r 


0.01 


4,744 


0,076 




Sample Ql 










4,617 


6.408 




Sample Q2 


MoOa 


0.01 


Mo 


0.01 


4.456 


4.969 


45 


Sample 


Q3 


WO3 


0.01 




0.01 


4.500 


3.258 



[0542] As will be understood from Table 23 and Table 24. the.piezoelectric ceramic compositions of Samples H1 to 
H47 exhibited equal or higher apparent densities compared with Sample Q1 to Sample Q3 provided as comparisons 
5Q and exhibited low values of open porosities of not more than 0.4 vol%. 

[0543] . In this way, it is learned that the piezoelectric ceramic compositions of Samples H1 to H47 are superior in 
mechanical strength. 

[0544] Further, while not shown in Table 23 and Table 24, the piezoelectric properties and dielectric properties of the 
Samples H1 to H47 were measured by the resonance-antiresonance method using an impedance analyzer, whereupon 
55 it was found that the piezoelectric ceramic compositions of Samples H1 to H47 were superior in the piezoelectric d3^ 
constant, electromechanical coupling coefficient Kp, piezoelectric gai constant, mechanical quality factor Qm, relative 
dielectric constant, dielectric loss, Curie t.enriperature, and other piezoelectric properties and dielectric properties. 
[0545] Therefore, the piezoelectric ceramic compositions of these examples are superior In mechanical strength and 
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10 



15 



20 



25 



30 



35 



can be utilizes as high performance piezoelectric elements and dielectric elements. 
Example Group VII 

[0546] In these examples, samples of the general fomiula {Llx{Ki.yNay)i.J(Nb^:2.v,Ta2SbJ03 (where 0<x<0.2. 
0<y<1 , 0<z<0.4. 0<w<0.2) containing additives in a state with at least part of the lithium, potassium, sodium, niobium,' 
tantalum, and antimony substituted by the metal elements in the additives (hereinafter called "suitably substituted 
samples") and samples containing the additives by external addition (hereinafter called "suitably externally added 
samples") were prepared and their properties were compared. 

[0547] First, as the externally added samples, the Sample H1 , Sample H5, Sample H7, Sample H1 0, Sample H25, 
Sample H32, and Sample H39 prepared in Example Group Vi were prepared. These Sample HI, Sample H5, Sample 
H7, Sample H1 0, Sample H25. Sample H32, and Sample H39 were obtained by externally adding to the compound 
{Lio.o4(*<o.5'^ao.5)o.96}(Nbo.86Tao.iSbo.o4)03» as additives, AgaO, BaO, CaCOg, CsgCOg, MgO, RbgO, or SrCOg. 
[0548] Next, the samples with the above additives added by substitution were prepared in the following way 
[0549] First, as the materials of the basic composition of the piezoelectric ceramic compositions, at least 99% purity 
high purity LigCOg, NagCOs, K2CO3, NbgOg, TagOg, SbgOg, and the above additives Ag20, BaO. CaCOa, CSgCOo, 
MgO, RbgO, or SrCOg were prepared. 

[0550] Next, the materials of the basic composition and one type of the above additive were blended by a stoichio- 
metric ratio giving the compound {Lio.cnCKo.sNao.s )o.96} (Nbo.86Tao.1Sbo.04 in which the metal element in the additive 
is present in solid solution by substitution after sintering to thereby prepare seven types of formulations. Specifically, 
these became {Lio.o4(Ko.5Nao.5)o.95Ago.oi} (Nbo.86Tao.iSbo.o4)03, {Uo.o4(Ko.5Nao.5)o94Baooi]{Nbo86Tao iSbo 04)03,' 
{L'o.o4(Ko.5Nao.5)o.94Cao.oi}(Nbo.86Tao.iSbo.o4)03. {Lio.o4(Ko.5Nao3)o.95Cso.oi}(Nbo seTao iSbo 04)03. {Lio 04(^0 5 
Nao.5)o.94Mgo.oi}(Nbo.86Tao.iSbo.o4)03, {Uo.o4(Ko.5Nao.5)o.95Rbo.6i}(Nbo86Tao iSbp 04)03. and {U004 (Kqs 
Nao.5) o.94Sro.oi} (Nbo.36Tao.iSbo.o4)03 

[0551] Next, these fomiulations were mixed by ball mills in acetone for 24 hours to obtain mixtures. 

[0552] Next, these mixtures were calcined, granulated, shaped, sintered, and polarized in the same way as Samples 

H1 to H47 of the Example Group VI. 

[0553] In this way, piezoelectric ceramic compositions having the additives Ag20, BaO, CaCOa, CS2CO3, MgO, 
Rb20, and SxCO^ added by substitution were prepared. These were used as the Samples HI a, H5a. H7a HI Oa H25a 
H32a, and H39a. » , , 

[0554] Sample H1 and Sample HI a. Sample H5 and Sample H5a, Sample H7 and Sample H7a, Sample HID and 
Sample H10a, Sample H25 and Sample H25a, and Saniple H32 and Sample H32a were piezoelectric ceramic com- 
positions containing additives including the same metal elements - with the former being samples obtained by external 
addition and the latter being samples obtained by substitution. 

[0555] Next, the samples were measured for apparent density and open porosity. The results are shown in Table 25. 
Table 25 also shows the apparent density and open porosity of the Sample Q1 prepared in Example Group VI for 
comparison. 

(Table 25) 





Additive 


Added element 


Apparent density p after sintering (g/ 
cm3) 


Open porosity Pop (vol%) 


Sample H1 


AggO 


Ag 


4.752 


0.077 


Sample HI a 


AggO 


Ag 


4.748 


0.075 


Sample H5 


BaO 


Ba 


4,730 


0.076 


Sample H5a 


BaO 


Ba 


4.752 


0.075 


Sample H7 


CaCOa 


Ca 


4.680 


0.075 


Sample H7a 


CaC03 


Ca 


4.704 


0.081 


Sample H10 


CS2CO3 


Cs 


4.726 


0.384 


Sample H10a 


CS2CO3 


Cs 


4.725 


0.082 


Sample H25 


MgO 


Mg 


4.731 


0.378 


Sample H25a 


MgO 


Mg 


4.731 


0.081 


Sample H32 


Rb20 


Rb 


4.730 


0.000 


Sample H32a 


Rb20 


Rb 


4.729 


0.243 


Sample H39 


Sr2C03 


Sr 


4.501 


1.004 


Sample H39a 


SrgCOg 


Sr 


4.729 


0.163 
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(Table 25) (continued) 





Additive 


Added element 


Apparent density p after sintering (g/ 
cm3) 


Open porosity Pop (vol%) 


Sample Q1 






4.617 


0.408 



[0556] As will be understood from Table 25; Sample HI and Sample H1 a, Sample H5 and Sample H5a. Sample H7 
and Sample H7a, Sample H1 0 and Sample H1 Oa, Sample H25 and Sample H25a, and Sample H32 and Sample H32a 
exhibited apparent densities equal to or better than Sample Q1 and open porosities lower than Sample Q1. 
[0557] From this, it is understood that the piezoelectric ceramic compositions of these examples are superior in 
apparent density and open porosity both when the additives are incorporated by external addition and incorporated by 
substitution. 

[0558] Further, in the case of the Sample H41 and Sample H41 a containing strontium, a high apparent density and 
low open porosity were obtained in the Sample H41a of the substitution composition. 

Example Group VIII 

[0559] These examples are examples of piezoelectric ceramic compositions containing different amounts of an ad- 
ditive. First, as the materials of the basic composition of the piezoelectric ceramic compositions, over 99% purity high 
purity LI2CO3. NagCOg, K2CO3, NbaOs. TagOg. and SbgOg and, as the additive. BIqCs were prepared. 
[0560] Among these materials, the UzCOq, NagCOa. K2CO3. NbsOg, TaaOg, and SbaOg were mixed by a stoichio- 
metric ratio giving a general fonnula {Li^(Ki.yNay)i.J(Nbi.2^Ta2Sb^)03 where x, y, 2. and w are x=0.04, y=0.5. z=0.1, 
and w=0.06, then the BigOg serving as the additive was_mixed In different amounts to obtain fomiulatlons. 
[0561] The additive BiaOg was added In amounts of 6.0025. 0.0005, and 0.00025 mol with respect to 1 mol of the 
compound {Lio.o4(Ko.5Nao.5)o.96}(Nbo.86"^ao.iSbo.o4)03 expected to be obtained by fomiulation by the above stoichio- 
metric ratio, that is, the metal element (bismuth) in the additive was included in amounts of 0;005, 0.001 , and 0.0005 
mol. ' . 

[0562] The fomnulations were mixed by ball mills in acetone for 24 hours to fabricate mixtures. 
[0563] Next, in the same way as Sample H1 to Sample H47, the mixtures were calcined, granulated, shaped, sintered, 
and polarized to prepare three types of piezoelectric ceramic compositions (Sample H6x. Sample H6y. and Sample 
H6z). The types and amounts of the additive in the samples are shown in Table 26. 

[0564] Next, the apparent densities and open porosities of the Sample H6x, Sample H6y, an.d Sample. H6z were 
measured by the same method as in Example Group VL The results are shown ip Table 26. 

[0565] Note that in Table 26, for comparison, the results of a Sample H6 prepared by the Example Group VI containing 
.0.01 mol of bismuth as the added element and a Sample Ql not containing an added element are also shown. 



(Table 26) 





Additive 


Added 


element 


Apparent 


Open 












density p 


porosit 




Conip. 


Am't 


Type 


Content 


after 


y ^op 






added 




(mol) 


sintering 


(vol%) 






(mol) 






(g/cm3) 




Sample H6 


BijOj 


0.005 


Bi 


0.01 


4.799 


0.231 


Sample H6x 


BijOa 


0. 0025 


Bi 


0.005 


4.734 


0. 163 


. Sample H6y 




0.0005 


Bi 


0.001 


4.73B 


0.164 


sample H6z 


BiaOj 


0.00025 


Bi 


0.0005 


4.757 


0.246 


Sample Ql 










4.617 


0.408 
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[0566] As will be understood from Table 26, the Sample H6, Sample H6x. Sample H6y, and Sample H6z exhibited 
higher apparent densities and lower open porosities compared with the Sample Q1 . That is. in the piezoelectric ceramic 
compositions of these examples, by including the above additive in the amounts of 0.0005 mol to 0.01 mol in tenns of 
content of the metal element in the additive with respect to 1 mol of the compound {Lio.o4(Ko 5^305)0^5} 
^ (Nbo 96'^ao^Sbo.o4)03. *t 's possible to Improve the apparent density and open porosity of the piezoelectric ceramic 
compositions. 

[0567] Further, in general, if the open porosity is large, the porosity becomes larger Therefore, by adding the additive 
as in the present examples, the ability to reduce the open porosity can be said to reduce the porosity as well. 

10 Example Group IX 

[0568] Next, piezoelectric ceramic compositions of Example Group IX will be explained. In these examples, piezo- 
electric ceramic compositions were produced and measured in physical properties. The piezoelectric ceramic compo- 
sitions of these examples were piezoelectric cerarhic compositions containing as main ingredients compounds of a 
general fomiula {Lij^(Ki.yNay)i.J(Nbi.^.^Ta2Sb JO3 where x, y, z, and w are in the ranges of 0^<0.2, 0<y^1 . 0<z<0.4, 
and 0<w<0.2. The piezoelectric ceramic compositions included added elements of at least one metal element selected 
from magnesium, calcium, strontium, and barium. Further, the total of the contents of the added elements was 0.01 
mol with respect to 1 mol of the compound of the above general formula. 

[0569] The above additive may be added to the above piezoelectric ceramic composition having the general formula 

20 by substitutional addition or external addition. 

[0570] The method of production of the piezoelectric ceramic compositions of these examples comprises mixing a 
compound containing lithium, a compound containing sodium, a compound containing potassium, a compound con- 
taining niobium, acompound containing tantajum, and a compound containing antimony by a stoichiometric ratio giving, 
after sintering, a compound of a general forrhula {U^(Ki.yNaLy)^.^}(Nbi.^.^Ta2Sb^)03 where x, y. z, and w are in the 
ranges of d<x<0.2, 0<y<1, 0<z<0.4, and 0<w<0.2, mixing an additive containing at least one metal element selected 
from magnesium, calcium, strontium, and barium, and sintering the result. , 

[0571] Next, the method of production of the piezoelectric ceramic compositions of these examples will be explained 
in more detail. 

[0572] First, as the materials of the basic composition of the piezoelectric ceramic compositions, over 99% purity 
high purity LigCOg, NaaCOa. KgCOg Nb205, TagOg. and SbgOg and, as the additive. CaO. SrO, MgO. and Bab were 
prepared. 

[0573] Among these materials, the LigCOa. NagCOa, K2CO3, NbgOg, TagOg, and SbaOg were mixed by a stoichio- 
metric ratio giving a general fomiula {Li^(Ki.yNay)i. ^(Nbi.z^Ta^Sb^Pa where x, y. z, and w are x=0.04, y=0.5. z=0.1 . 
and w=0.04, ^that is, a stoichiometric ratio whereby the general formula becomes {Uq o4(Ko gNao 5)0 gs) 
^ (Nbo.ae'^ao iSboo4) )03, then the CaO, SrO, MgO, and BaO serving as the additives were mixed to obtain eight types 
of formulations. 

[0574] Regarding the amounts of incorporation of these additives, the CaO, SrO, MgO, and BaO of the additives 
were included in amounts of 0.01 mol and 0.005 mol each with respect to 1 mol of the compound {Lio.o4(Ko sNao 5)0 ge) 
(Nbo.86'^ao.-|Sbo.o4))03 expected to be obtained by formulation by the above stoichiometric ratio. At this time, the 
amounts of the metal elements of the additives also became 0.01 mol and 0.005 mol. 
[0575] Further, the CaO was also included 0.02 mol, 0.04 mol and 0.10 mol. 
[0576] The formulations were kneaded by ball mills in acetone for 24 hours to fabricate mixtures. 
[0577] Next, the mixtures were calcined at 750*'C for 5 hours, then the calcined mixtures was pulverized by ball mills 
for 24 hours. Next, polyvinyl butyral was added as a binder and the results granulated. 

[0578] The powders after granulation were press formed into disk shapes of a diameter of 13 mm and a thickness 
of 2 mm by a pressure of 2 tons/^^2. shaped articles were sintered at 1 000 to 1 300°C for 1 hour to prepare sintered 
bodies. Note that the sintering temperature at this time was the temperature giving the greatest density by 1 hour of 
sintering selected from 1 000°C to ISOO^'C. Further, at this time, the sintered bodies were densified to a relative density 
of at least 98%. • • 

[0579] Next, the two surfaces of the sintered bodies after sintering were cylindrically polished, then the two surfaces 
of the disk samples were provided with metal electrodes by sputtering. Further, a DC voltage of 1 to' 5 kV/mm was 
supplied between the electrodes for 10 minutes in 1 0O^C silicone oil to give polarization In the thickness direction and 
produce the piezoelectric ceramic compositions. 

[0580] In this way, eight types of piezoelectric ceramic compositions (Samples J1 to J4, Samples F1 to F4, and 
Samples LI to L3) were prepared. The ratios of the materials and additives in the samples are shown in Table 27. 
[0581] These examples were prepared by substitutional addition that part of (Kq ^Nsq 5) is substituted by the metal 
element in the additives. For example, sample J1 had a composition of {Lio.o4(Ko.5Nao.5)o.94Cao.oi}(Nao.86Tao.iSbo.o4) 
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[0582] Note that as a method different from the method of prpduction of these examples, it Is also possible to fabricate 
piezoelectric ceramic compositions similar to the samples J1 to J4, Samples F1 to F4, and Samples L1 to L3 by fab- 
ricating a compound of the above {Lio.o4{Ko3'^3o.5)o.9B)(Nbo.86''^.iSbo.o4)03 by sintering, pulverizing this, mixing the 
result with the above additives, then calcining, granulating, shaping, and sintering the results in the same way as the 

5 method of production of the present examples. 

[0583] Further, in Samples J1 to J4, Samples F1 to F4, and Samples L1 to L3 of these examples, the CaO, SrO, 
MgO, and BaO of the additives may be contained in the grains or at the grain boundaries of the piezoelectric ceramic 
compositions in part as oxides or perovskite structure compounds or other compounds and may be contained in part 
in a state with the calcium, strontium, magnesium, and barium atoms substituting at least part of the lithium, potassium, 

10 and sodium of the compound of the above {Ljq o4(Ko.5Nso.5)o.96}('^*^o.86^®o.1^*^o.04)03• 
[0584] Next, in these examples, to clarify the superior properties of the piezoelectric ceramic compositions, compar- 
isons (Sample C1 and Sample C2) were fabricated in the following way. First, as materials of the comparisons, at least 
99% purity hiigh purity Li2C03, Na2Cp3, K2CO3, Nb205, Ta204., and Sb205 were prepared. 

[0585] Among these materials, the k2C03, Na2C03, and NbgO^ were mixed by a stoichiometric ratio giving the above 
15 general formula {Lix(K^.yNay)^.J(Nb^.2.wTa2Sb^)03 wherein x=z=w=0 and y=0,5, that is, a stoichiometric ratio giving 
the above general formula (Kq gNaQ 5)Nb03; then mixed by a ball mill in acetone for 24 hours to obtain a mixture. This 
mixture was calcined, granulated, shaped, sintered, and polarized in the same way as in Samples J1 to J4, Samples 
F1 to F4, and Samples L1 to L3 to obtain a piezoelectric ceramic composition as a comparison (Sample C1). The 
Sample C1 was a piezoelectric ceramic composition containing (Ko.5Nao.5)Nb03. 
20 [0586] Next, the Sample C2 was fabricated asjollows: First, the LisCOs, NaaCOa. K2CO3, Nb205, TagOg, and SbgOg 
of the above prepared materials were mixed by a stoichiometric ratio giving the above general f onnula {Lix(K^.yNay)i.xl 
(Nbi.2-w'^azS^w)03 wherein x=0.04, y=0.5, z=0.i , and w=0.04 after sintering, that is, a stoichiometric ratio giving the 
above general fomnuia {Llo.o4(Ko.5Nao 5)0.96} N^^o.86T'^o.iSbo.o4)03. then mixed by a ball mill in acetone for 24 hours to 
obtain a mixture. This mixture was calcined, granulated, shaped, sintered, and polarized in the same way as In Samples 
25 J1 to J4, Samples F1 to F4, and Samples L1 to L3 to obtain a piezoelectric ceramic composition as a comparison 
(Sample C2). The Sample C2, in the same way as the Samples J1 to J4, Samples F1 to F4, and Samples L1 to L3, 
was a piezoelectric ceramic composition which contained {LI0.04 (Ko.5Nao.5)o.96}'^bo.86'^®o.iSbo.o4)03 a main ingre- 
dient, but did not contain the above added elements. - 

[0587] The compositions of the Sample C1 and Sample C2 are shown in Table 27. 

30 ' 



35 



40 



45 



50 



55 



64 

3DOCID: <EP 138258aAl_l_> 



EP 1 382 588 A1 



(Table 27) 



Composition ratio of 
sample 



Additive 



Added 
element 



10 






X 


y 


z 


w 


Comp. 


Ara't 

added 

(mol) 


Type 


Am' t 

added 

(mol) 


15 


Sample 


Jl 


0.04 


0.5 


0.1 


0.4 


Cao 


0.01 


Ca 


0.01 




Sample 


J2 


0.04 


0.5 


0.1 


0.4 


SrO 


0.01 


Sr 


0.01 




Sample 


J3 


0 .04 


0.5 


0.1 


0,4 


MgO 


0.01 


Mg 


0.01 


20 


Seunple 


J4 


0.04 


' 0.5 


Q. 1 


0.4 


Bao 


0.01 


Ba 


0.01 




Sample 


Fl 


0 .04 


0.5 


0.1 


0.4 


CaO 


0.005 


Ca 


0.005 




Sample 


F2 


0.04 


0.5 


0.1 


0.4 


SxO 


0.005 


Sr 


0.005 




Sample 


F3 


0.Q4 


0.5 


.0.1 


0.4 


MgO 


0.005 


Mg 


0.005 


25 


Sample 


F4- 


0.04 


0.5 


0.1 


0.4 


BaO 


0.005 


Ba 


0.005 




Sample 


LI 


6.04 


- 


0.1 


0.04 


CaO 


0.02 


Ca 


0.02 




Sample 


L2 


0.04 


0.5 


0.1 


0.04 


Cao 


0.04 


ca 


0.04 


30 


Sample 


L3 


0.04 


0.5 


0.1 


0.04 


CaO 


0.1 


Ca 


0.1 


Sample 


CI 


0 


0.5 


0 


0 








0 




Sample 


C2 


0.04 


0.5 


0.1 


0.4 








0 
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[0588] Next, the Samples J 1 to J4, Samples F1 to f4, Samples L1 to L3, and Samples C1 and 02 were measured 
for the piezoelectric d^^ constant, electromechanical coupling coefficient Kp, piezoelectric 93^ constant, mechanical 
quality factor Qm, relative dielectric constant esax/eo, dielectric loss tan5, and Curie temperature Tc. The piezoelectric 
d3i constant, piezoelectric 93^ constant, electromechanical coupling coefficient Kp, and mechanical quality factor Qm 
were measured by the resonance-antlresonance method using an impedance analyzer (Precision Impedance Analyzer 
4294A made by Agilent Co.) The dielectric loss tanS and relative dielectric constant £337/60 were measured at a meas- 
urement frequency of 1 kHz using an Impedance analyzer the same as the above. For the Curie temperature Tc, the 
temperature giving the highest relative dielectric constant e33T-/eo was made the Curie tenfiperature Tc. The rjssutts are 
shown in Table 28. ' 

(Table 28). 





d3i (pmA/ ) 


Kp 


931 (X .10-3 Vm/N) 


Qm 


£337^60 


tanS 


Tc 
(«C) 


Sample Jl 


106.3 


0.484 


7.63 


41.8 


1573.7 


0.020 


284 


Sample J2 


102,1 


0,480 


7.57 . 


38.3 


1522.9 


0.034 


292 


Sample J3 


97.9 


0.467 


8.11 


59,4 


1363.6 


0.023 


312 


Sample J4 


95.3 


0.449 


7.18 


45.9 


1498.5 


0.027 


295 


Sample F1 


110.6 


0.500 


7.86 


49.1 


1589,5 


0.023 


296 


Sample F2 


121.0 


0.551 


8.81 


25.2 


1550.5 


0.030 


30.0 


Sample F3 


.85.9 


0.432 


7.30 


47.9 


1329.7 


0.034 


310 


Sample F4 


104.5 


0,485 


7.67 


46.9 


1538.9 


0.022 


302 
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(Table 28) (continued) 





(pmA/ ) 


Kp 


93^ (X 10*3 Vm/N) 


Qm 




tan5 


Tc 

rc) 


Sample L1 


102.0 


0.468 


7.62 


65.2 


1557.9 


0.021 


272 


Sample L2 


97.7 


0.452 


7.52 


79.8 


1542.1 


0.019 


. 260 


Sample L3 


70.2 


0.436 


1\ 7.42 


75.3 


1526.3 


■'0.02 


236 


Sample C1 


37.6 


0.334 


9.9 


100.6 


429 


0.036 


415 


Sample C2 


96.1 


0.452 


7,81 


48.4 


1389.3 


0.026 


308 



[0589] As will be understood from Table 28, the Samples J1 to J4, Samples F1 to F4, and Samples L1 to L3 were ' 
improved over Sample CI in the piezoelectric ds^i constant, electromechanical coupling coefficient Kp, relative dielectric 
constant £337^80: dielectric loss tanS. Further, the Samples J1 to J4, Samples F1 to F4, and Samples LI to L3 had 
equal or better properties even compared with the Sample C2 in at least one of the piezoelectric d^-i constant, elec- 
tromechanical coupling coefficient Kp, piezoelectric q^^ constant, mechanical quality factor Qm, relative dielectric con- 
stant £337/60, dielectric loss tanS, and Curie temperature Tc. 

[0590] It was confimned that the SrO, MgO, and BaO of the additives which were included in amounts of more than 

0.01 mol (e.g. 0.10 mol) showed the same effect as thiat in CaO, while not shown in the present examples. 

[0591] Here, taking note of the piezoelectric d3^ constant, as will be understood from Table 28, the piezoelectric d3^ 

constant of the Sample E2 exhibited the highest value of 121 .0 pm/V. - - — . 

[0592] When using the composition as a charge detection type circuit or a current detection type circuit, in general 
the piezoelectric constant is proportional to the output voltage of an accelerator sensor, weight sensor, impact 
sensor, knock sensor, and other piezoelectric type sensors. Seen from this point, it is possible to prepare a sensor with 
a charge sensor output largerthe higherthe piezoelectric d3^ constant of the piezoelectric ceramic composition. Further, 
to fabricate a sensor having properties equal to or better than Sample C1, it can be said to be preferable to have a 
piezoelectric d^-i constant of at least 30 pnnA^. Further, to fabricate a high sensitivity sensor raised in the signal-to-noise 
ratio (SN ratio) and output voltage, the piezoelectric constant should be at least 80 pmA/. More preferably it should 
be at least 1 00 pnrW. 

[0593] Further, when using the composition as an actuator, in general the piezoelectric dg^ constant is proportional 
to the generated distortion or displacement of the piezoelectric actuator Seen from this point, it is possible to produce 
an actuator with a larger generated distortion or displacement the higher the piezoelectric d3^ constant ot the piezoe- 
lectric ceramic composition. Further, to fabricate an actuator having properties equal to or better than the comparison; 
it can be said preferable to have a piezoelectric d3.| constant of at least 30 pmV. More preferably it should be at least 
40 pm/v. Further, to fabricate ari actuator with a large displacement, the piezoelectric constant should be at least 
80 pm/v. More preferably, it should be at least 100 pmA/. 

[0594] Further, taking note of the electromechanical coupling coefficient Kp, as will be understood from Table 28, 
the electromechanical coupling coefficient Kp of Sample F2 exhibits Its highest value of 0.551 . 
[0595] In general, the electromechanical coupling coefficient Kp is proportional to the electromechanical energy con- 
version efficiency of the piezoelectric transformer, ultrasonic motor, actuator, ultrasonic vibrator, etc. Seen fronh this 
viewpoint, it is possible to produce a piezoelectric transformer, ultrasonic motor, actuator, ultrasonic vibrator, etc. having 
a higher electromechanical energy conversion efficiency the higher the electromechanical coupling coefficient Kp of 
the piezoelectric ceramic composition. Further, to fabricate a piezoelectric transfomrier, ultrasonic motor, actuator, ul- 
trasonic vibrator etc. having properties equal to orbetterthan the comparison Sample CI , it can be said to be preferable 
to have an electromechanical coupling coefficient Kp of at least 0.3. More preferably. It should be at least 0.34. Still 
more preferably, it should be at least 0.4. Most preferably, it should be at least 0.45. 

[0596] Taking note of the mechanical quality factor Qm, as will be understood from Table 28, the mechanical quality 
factors Qm of Samples J1 to J4 exhibited superior values equal to or better than the Sample CI and Sample C2. 
[0597] In gerieral, the mechanical quality factor Qm, like the electromechanical coupling coefficient Kp, is proportional 
to the electromechanical energy conversion efficiency of the piezoelectric transformer ultrasonic motor, actuator, ul- 
trasonic vibrator, etc. Seen from this viewpoint, it is possible to produce a piezoelectric transformer, ultrasonic motor, 
actuator, ultraspnic vibrator, etc. having a higher electromechanical energy conversion efficiency the higherthe me- 
chanical quality factor Qm of the piezoelectric ceramic composition. Further, to fabricate a piezoelectric transformer, 
ultrasonic motor, actuator, ultrasonic vibrator, etc. having properties equal to or better than the comparison Sample 
G1 , it can be said to be preferable to have a mechanical quality factor Qm of at least 50. . 

[0598] Taking note of the Curie temperature Tc, the Curie temperatures Tc of Samples J1 to J4 and Samples F1 to 
F4 are all high values of at least 200* C. Therefore, the piezoelectric ceramic compositions of the present examples 
(Samples J 1 to J4 and Samples F1 to F4) can be utilized as knock sensors or other high temperature sensors, actuators, 
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ultrasonic motors, etc. able to be used stably over a long period at high temperature locations such as near an auto- 
mobile engine. 

[0599]. For further long-term stable use as a high temperature sensor, actuator, ultrasonic motor, etc., the Curie 
temperature Tc is preferably at least 200'C. More preferably It should be at least ascc. 

[0600] Taking note of the piezoelectric g^^ constant, as will be understood from Table 28. the piezoelectric con- 
stant of Sample F2 exhibits its highest value at 8.81 x 10-^ Vm/N. 

[0601] The piezoelectric g^-^ constant, like the piezoelectric d3^ constant, is proportional to the output voltage of a 
piezoelectric sensor, piezoelectric element, ultrasonic motor, etc. Therefore, it is possible to produce a sensor with a 
larger voltage sensor output the higher the piezoelectric g3.| constant of the piezoelectric ceramic composition. Further, 
to fabricate a sensor having properties equal to or better than the Comparison 1 , it can be said to be preferable to have 
a piezoelectric g3^ constant of at least 7 x 10*3 Vm/N. More preferably, it should be at least 8 x 1 Q-^ Vm/N. 
[0602] Taking note of the relative dielectric constant €337/^0, the relative dielectric constants 6337/60 of the Samples 
J1 to J4 and Samples L1 to L3 are extremely high values of at least 1300. 

[0603] The relative dielectric constant £337/60 generally proportional to the electrostatic capacity of a multilayer 
capacitor or other capacitor Seen from this point, it is possible to produce a capacitor with a larger electrostatic capacity 
the higher the relative dielectric constant of the piezoelectric ceramb corrpositjon. To fabricate a capacitor, it can be 
said to be preferable to have a relative dielectric constant of at least 400. More preferably, it should be at least 430. 
Still more preferably, it should be at least 1000. 

[0604] Taking note of the dielectric loss tanS, the dielectric losses tanS of the Samples J1 to J4 are extremely low 
values of not more than 0.034. 

[0605] The dielectric loss is proportional to the heat energy lost by a capacitor component or other capacitor, piezo- 
electric ultrasonic motor, piezoelectric actuator, piezoelectric transformer, or other component when applying an AC 
voltage to that component. Seen frorh this point, it is possible to fabricate a capacitor with a smaller energy loss or a 
piezoelectric ultrasonic motor, piezoelectric actuator, or piezoelectric transfomner with a smaller heat generation the 
smaller the dielectric loss of the piezoelectric ceramic composition. Further, to fabricate a component with a small 
dielectric loss, jt is preferable to have a dielectric loss of not more than .0.09. More preferably, it should be not more 
than 0.035. Still more preferably, it should be not more than 0.03. 

[0606] As explained above, the piezoelectric ceramic compositions (Sample J1 to Sample J4 and Sample F1 to 
Sample F4) of the present examples are of compositions not containing lead and have superior piezoelectric properties 
and dielectric properties. Therefore, they are safe to the environment and can be utilized for high perfonnance piezo- 
electric elements and dielectric elements. 

Example Group X 

35 [0607] Next, piezoelectric ceramic compositions of Example Group X will be explained. In these examples, piezoe- 
lectric ceramic compositions were produced and measured in physical properties. The piezoelectric ceramic compo- 
sitions of these examples were piezoelectric ceramic compositions containing as main ingredients compounds of a 
general formula {Llx(Ki.yNay).,.J(Nb.,.2,^Ta2Sb JO3 where x. y, z, and w are in the ranges of 0<x<0.2, 0<y<1 , 0<z<0.4, 
. and 0<w<0.2. The piezoelectric ceramic compositions included added elements of at least one metal element selected 

40 from silicon, indium, and scandium. Further, the total of the contents of the added elements was 0.01 mol with respect 
to 1 mol of the compound of the above general formula. 

[0608] The method of production of the piezoelectric ceramic compositions of these examples comprises mixing a 
compound containing lithium, a compound containing sodium, a compound containing potassium, a compound con- 
taining niobium, a compound containing tantalum, and a compound containing antimony by a stoichiometric ratio giving. 
45 after sintering, a compound of a general fomnula {Ux(Ri.yNay)^.J(Nb^.2.vv Ta^SbJOg where x, y, z, and w are in the 
ranges of 0<x<0.2. 0<y<1, 0<z<0.4. and 0<w<0.2, mixing an additive containing at least one metal element selected 
from silicon, indium, and scandium, and sintering the result. 

[0609] Next, the method of production of the piezoelectric ceramic compositions of these examples "will be explained 
In more detail. 

50 [0610] First, as the materials of the basic composition of the piezoelectric ceramic compositions, over 99% purity 
high purity LiaCOg, NagCOa, K2CO3, NbgOg, TagOg, and SbgOg and, as the.additive, SiOa. SC2O3, and IngOg were 
prepared. 

[0611] Among these materials, the LigCOa, Na2C03, K2CO3 NbgOg, TagOg, and SbgOg were mixed by a stoichio- 
metric ratio giving a general formula {Uj,(K^.yNay)i.J(Nbi.2.^Ta^SbJ03 where x, y, z. and w are x=0.04, y=0.5. Z=0.1 . 
55 and w=0.04, that is, a stoichiometric ratio whereby the general formula becomes {Llo.o4{Ko.5Nao.5)o.96} 
(NBq 86"^^.iSbo.o4) )03, then the Si02, SC2O3, and In2b3 serving as the additives were mixed to obtain three types of 
formulations. 

[0612] Regarding the amounts of incorporation of these additives, the Si02, SCO3, and ^203 of the additives were 
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included in amounts of 0.01 mol, 0.005 mol, and 0.005 mol with respect to 1 mol of the compound {Li© .04(^0.5^30 .5)0.96) 
(Nbo 86"^ao.iS*^o.04))03 expected to be obtained by fomnulation by the above stoichiometric ratio. That is, the amounts 
of the additives incorporated were set to give 0.01 mol arnounts of the added elements silicon, scandium, and indium. 
[061 3] The f omriulations were kneaded by ball mills in acetone for 24 hours to fabricate mixtures. 
[0614] Next, in the same way as Samples J1 to J4 of Example Group IX, the mixtures were calcined, granulated, 
shaped, sintered, and polarized to obtain three types of piezoelectric ceramic compositions (Sample J5 to J7). The 
ratios of the materials and additives in the samples are shown in Table 29. 

[061 5] Note that as a method different from the method of production of these examples, it Is also possible to fabricate 
piezoelectric ceramic compositions similar to the Samples J5 to J7 by fabricating a compound of the above {Lio.04 
{Ko5Nao5)o96 (Nbo.86^^.l^'^o.04)03 Sintering, pulverizing this, mixing the result with the above additives, then 
calcining, granulating, shaping, and sintering the results in the same way as the method of production of the present 

examples. 

[0616] Further, in Samples J5to J7 of these examples, the SiOg, SC2O3, and IngOg of the additives may be contained 
at the grain boundaries of the piezoelectric ceramic compositions in part as oxides or perovskite structure compounds 
or other compounds and may be contained in part in a state with the silicon, scandium, and indium atoms substituting 
at least part of the niobium, tantalum, and antimony of . the compound of the above {Lio.o4.(KQ5NaQ 5)035} 

(Nbo86Tao-iS*^o.04)03' 



20 



(Table 29) 
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Compos i't ion ratio of 
sample 



Additive 



Addi&d 
element 







X 


y 




w 


Comp. 


Am't 

added 

(mol) 


Type 


ADt'-t 

added 

(mol) 


Sample 


J5 


0.04 


0.5 


0.1 


0.4 




0.01 


Si 


0.01 


Sample 


J6 


0.04 


0.5 


0.1 


0.4 


SC2O3 


0.005 


SC 


0.01 


Sample 


J7 


0.04 


0.5 


0.1 


0.4 




O.OOS 


In 


0.01 



[0617] Next, in the same way as Example Group Ix, the Samples J5 to J7 were measured for the piezoelectric 
40 constant, electromechanical coupling coefficient Kp, pg^-^C, mechanical quality factor Qm, relative dietectric constant 
e33y/£o: dielectric loss tans, and Curie temperature Tc. * - . 

[061 8] The results are shown in Table 30. Note that Table 30 also shows, for comparison, the piezoelectric properties 
and dielectric properties of the Sample CI and Sample C2 prepared in Example Group IX. 



45 
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(Table 30) 





d3i (pmA/) 


Kp 


931 (X "^O*^ Vm/N) 


Qm 


£337/60 


tan6 


Tc 
(-0 


Sample J5 


96.6 


0.470 


7.96 


48.8 


1370.3 


0.024 


304 


Sample J 6 


101.9 


0.489 


7.95 


50.4 


1448.4 


0.023 


300 


Sample J7 


106.4 


.0.498 


8.4B 


58.7 


1416.5 


0.020 


311 


Sample C1 


37.5 


0.334 


9.9 


100.6 


429 


0.036 


415 


Sample C2 


96.1 


0.452 


7.81 


. 48.4 


1389.3 


0.025 


308 



55 



[0619] As will be understood from Table 30, the Samples J5 to J7 were remarkably improved over Sample CI in the 

piezoelectric d^-i constant, electromechanical coupling coefficient Kp, relative dielectric constant eaaj^eo, and dielectric 
loss tanS. Further, the Samples J5 to J7 were also improved over the Sample C2 in the piezoelectric d^-i constant, 
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10 



20 



40 



55 



electromechanical coupling coefficient Kp, piezoelectric constant, mechanical quality factor Qm, and dielecthc loss 
tanS. The relative dielectric constant £337/80 Curie temperature Tc were also equally or more superior. 

[0620] It was confimied that the additives which were included in amounts of 0.001 -0.08 mol showed the same effect 
as shown in Table 30, while not shown in the present examples. 

[0621] In this way, the piezoelectric ceramic compositions (Sample J5 to Sample J7) of the present examples are of 
compositions not containing lead and have superior piezoelectric properties and dielectric properties. Therefore, they 
are safe to the environment and can be utilized for high performance piezoelectric elements and dielectric elements. 

Example Group XI 



[0622] Next, piezoelectric ceramic compositions of Example Group XI will be explained. In these examples, piezo- 
electric ceramic compositions were produced and measured In physical properties. The piezoelectric ceramic compo- 
sitions of these examples were piezoelectric ceramic compositions containing as main ingredients compounds of a 
general formula {Ux(Ki.yNay)-,. j^KMb-j.^.^^^Ta^Sb where x, y, z, and w were in the ranges of 0<x<0.2, 0<y<1 , 0<z<0.4, 
*5 and 0<w<0.2. The piezoelectric ceramic compositions included bismuth as an added element. Further, the content of 
the added element was 0.0001 mol to 0.004 with respect to 1 mol of the compound of the above general formula. 
[0623] The method of production of the piezoelectric ceramic compositions of these examples comprises mixing a 
compound containing lithium, a compound containing sodium, a compound containing potassium, a compound con- 
taining niobium, a compound containing tantalum, and a compound containing antimony by a stoichiometric ratio giving, 
after sintering, a compound of a general formula {LixCKi^yNayli.JCNb^.^.^Ta^SbJOg where x, y, z^ and w arejn the 
ranges of 0<x<0.2, 0^y<1 , 0<z^0.4, and 0<w<0.2, mixing an additive containing bismuth, and sintering the result. 
[0624] Next, the method of production of the piezoelectric ceramic compositions of these exiamples will be explained 
in more detail. 

[0625] First, as the materials of the basic composition of the piezoelectric ceramic compositions, over 99% purity 
25 high purity LigCOa, NagCOg, K2CO3, NbgOg, TagOg, and SbgOg and^ as the additive, BigPg were prepared. 

.[0626] Among these materials, the LigCOg, NagCOa, K2CO3, NbgOg, Ta205, and SbgOg were mixed by a stoichio- 
metric ratio giving a general formula {Llx(Ki'yNay)^J(Nb-,.2^Ta2Sb^)03 where x, y, z, and w arex=0.04, y=0.5, z=0.1 , 
and w=0.04, that is, a stoichiometric ratio whereby the general fomnula becomes {Lio.o4(p4.5Nao3)o.96} 
(Nbo.86'^^.iSbo.o4))03. then the 81203 serving as the additive was mixed In different amounts to obtain four types of 
30 formulations. 

[0627] Regarding the amounts of incorporation of the additive, the 61203 of the additive was included in amounts of 
0.00025 mol, 0.0006 mol, 0.0025 mol, and 0,005 mol with respect to 1 mol of the compound {Lio.o4(Ko.5Nao.5)o.96} 
(Nbo.86"^^.i Sbo.04) )03 expected to be obtained by fomnulation by the above stoichiometric ratio. That is, the amounts 
of the additive incorporated were set to give 0.0005 mol, 0.001 mol, 0.005 mol, and.0.01 mol amounts of the bismuth. 
35 [0628] The fomnulatlons were mixed by ball mills in acetone for 24 hours to fabricate mixtures. 

[0629] Next, in the same way as Samples J1 to J4 and Samples F1 to F4 of Example Group IX, the mixtures were 
calcined, granulated, shaped, sintered, and polarized to obtain four types of piezoelectric ceramic compositions (Sam- 
ple J8 to J11 ). The ratios of the materials and additives in the samples are shown in Table 31! 

[0630] Note that as a method different from the method of production of these examples, it is also possible to fabricate 
piezoelectric ceramic compositions similar to the Samples J8 to J11 by fabricating a compound of the above {LIqq4 
(Ko.5Nao.5)o.96} {Nbo.86T^.iSbo,o4)03 by sintering, pulverizing this, mixing the result with the above additives, then 
calcining, granulating, shaping, and sintering the results in the same way as the method of production of the present 
examples. 

[0631] Further, in Samples J8 to J11 of these examples, the bismuth of the added element may be contained in the 
45 grains or at the grain boundaries of the piezoelectric ceramic compositions In part as oxides or perovskite structure 
compounds or other compounds and may be contained in part in a state wjth the bismuth atoms substituting at least 
part of the niobium, tantalum, and antimony of the compound of the above {Lio.o4(Ko.5Nao.5)o.96} (Nbo.86Tao.iSbo.o4)03. 

50 
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Composition ratio of Additive Added 

sample element 







X 


y 


z 




w 


Coinp. 


Am't 

added 

(nol) 


Type 


Am' t 

added 

(mol) 


Sample 


J8 


0.04 


0.5 


0. 


1 


0.4 




0. 00025 


Bi 


0.0005 


Sample 


J9 


0.04 


0.5 


D. 


1 


0.4 


BijO, 


O.005 


Bi 


0.001 


Sample 


JIO 


0.04 


0.5 


0. 


1 


0.4 




0.0025 


Bi 


0.005 


Sample 


Jll . 


0.04 


0.5 


-.0. 


1 . 


0.4 




0.005 


. Bi . 


'.. 0-01 



[0632] Next, in the same way as the Example Group IX, Samples J8 to J11 were measured for the piezoelectric cls^ 
25 constant, electromechanical coupling coefficient Kp, piezoelectric constant, mechanical quality factor Qm, relative 
dieiectric constant t^^j/eo' dielectric loss tan6, and Curie temperature Tc.The results are shown in Table 32. note that 
Table 32 also shows for comparison the piezoelectric properties and dielectric properties of Sample C1 and Sample 
C2 prepared in Exarnple Group IX. 

30 (Table 32) - 



35 



40 





d3i (pmA^) 


Kp 


931 (X10-3 Vm/N) 


Qm 




tano 


Tc 


Sample J8 


115.2 


0.502 


7.73 


44.1 


1683.3 


0.023 


308 


Sample J9 


105.6« 


0.489 


7.84 


49.0 


1521.2 


0.027 


308 


Sample J10 


61.2 


0.290 


4.40 


75.3 


1569 


0.033 


308 


Sample J11 


17.6 


0.100 


1.60 


264.1 


1227.3 


0.029 


308 


Sample C1 


37.6 


0.334 


9.9 


160.6 


429 


0.036 


415 


Sample C2 


96.1 


0.452 


7.81 


48.4 


1389.3 


0.026 


308 



[0633] As will be understood from Table 32. the Samples J8 and J9 were remaricably improved over Sample CI in 
the piezoelectric constant, electromechanical coupling coefficient Kp, relative dielectric constant z^^yftQ, and die- 
lectric loss tanS. Further, the Samples J8 and J9 were also improved over the Sample C2 In the piezoelectric dg^ 
constant, electromechanical coupling coefficient Kp, and relative dielectric constant z^sH^ ^"d were equally or more 
superior in the other properties as well. 

[0634] On the other hand, the Sample J10 was remarkably improved over the Sample C1 in the piezoelectric d^^ 
constant, the relative dielectric constant £337^60, and the dielectric loss tanS. Further, It was improved over the Sample 
C2 in the mechanical quality factor Qm and relative dielectric constant essr^eo- However, on the other hand, the elec- 
tromechanical coupling coefficient Kp and piezoelectric g^^ constant dropped considerably. 

[0635] Further, the Sample J11 was improved over the Sample CI in the mechanical quality factor Qm, the relative 
dielectric constant z^st^^' ^"d the dielectric loss tanS. Further, it was Improved over the Sample C2 in the mechanical 
quality factor Qm, but on the other hand the piezoelectric g^t constant, the electromechanical coupling coefficient Kp, 
the piezoelectric g^^ constant, etc. dropped remarkably, 

[0636] In this way, the piezoelectric ceramic compositions (Sample J8 arid Sample J8) of the present examples are 
of compositions not containing lead and have superior piezoelectric properties and dielectric properties. Therefore, 
they are safe to the environment and can be utilized for high performance piezoelectric elements and dielectric ele- 
ments. 
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[0637] According to our findings, the same effect as in these examples were obtained for the additives which were 
included in smaller amounts such as 0.0001 mol, while not shown in the present examples. 

[0638] According to our findings, the additives can effectively enhance piezoelectric properties etc. either by substi- 
tutional, addition or external addition, while not shown In the present examples. Further, the same effect as in these 
5 examples were obtained for the other piezoelectric ceramic compositions containing other main ingredients com- 
pounds. 

[0639] While the invention has been described with reference to specific embodiments chosen for purpose of illus- 
tration, it should be apparent that numerous modifications could be made thereto by those skilled in the art without 
departing from the basic concept and scope of the invention. 

Claims 

1 . A piezoelectric ceramic composition of a general fomiula {Lix(Ki.yNay)i.,,} (Nb^.^.^Ta^Sb JO3 where x, y, z, and w 
IS are in the ranges of 0^:^0.2, 0^y:£l , 0<z^0.4, and 0<w^0.2. 

2. A piezoelectric ceramic composition as set forth in claim 1 , wherein the range of said x in said general formula is 
0<x<0.2. 

20 3; A piezoelectric ceramic composition as set forth inclaimi .wherein the value of said x in said general formula is x=0._ 

4. A piezoelectric ceramic composition as set forth in any one of claims 1 to 3. wherein the range of said y In said 
general formula is 0<y<1 . 

25 5. A piezoelectric ceramic composition as set forth in any one of claims 1 to 3, wherein the value of said y in said 
general formula is y=0. . 

6. A piezoelectric ceramic composition as set forth in any one of claims 1 to 5, wherein said piezoelectric ceramic 
composition has a piezoelectric d3^ constant of not less than 30 pmA/. 

30 . 

7. A piezoelectric ceramic composition as set forth in any one of claims 1 to 6, wherein said piezoelectric ceramic 
composition has a piezoelectric gg^ constant of not less than 7 x 1 0*3 vm/N. 

8. A piezoelectric ceramic composition as set forth in any one of claims 1 to 7, wherein said piezoelectric ceramic 
35 composition has an electromechanical coupling coefficient Kp of not less than 0.3, 

9. A piezoelectric ceramic composition as set forth in any one of claims 1 to 8, wherein said piezoelectric ceramic 
composition has a dielectric loss of not more than 0.09. 

40 10. A piezoelectric ceramic composition as set forth in any one of claims 1 to 9, wherein said piezoelectric ceramic 
composition has a relative dielectric constant of not less than 400. 

11. A piezoelectric ceramic composition as set forth in any one of claims 1 to 10, wherein said piezoelectric cerarhic 
composition has a Curie temperature To of not less than 200°C. 

45 

12. A piezoelectric ceramic composition as set forth in any one of claims 1 to 5. wherein said piezoelectric ceramic 
composition has a piezoelectric dg^ constant of not less than 30 pmA/ and a Curie temperature Tc of not less than 
200<»C. 

so 13. A piezoelectric ceramic composition as set forth in any one of claims 1 to 5. wherein said piezoelectric ceramic 
composition has a piezoelectric gg^ constant of not less than 7x10-3 Vm/N and a Curie temperature Tc of not less 
than200*'C. 

14. A piezoelectric ceramic composition as set forth in any one of claims 1 to 5. wherein said piezoelectric ceramic 
ss composition has an electromechanical coupling coefficient Kp of not less than 0.3 and a Curie temperature Tc of 

not less than 200''C. 

15. A piezoelectric ceramic composition as set forth in any one of claims 1 to 5, wherein said piezoelectric ceramic 
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10 



15 



20 



composition has a dielectric loss of not more than 0.09 and a Curie temperature Tc of not less than 200**C. 

16. A piezoelectric ceramic composition as set forth in any one of claims 1 to 5, wherein said piezoelectric ceramic 
composition has a piezoelectric d3^ constant of not less than 30 pnW, an electromechanical coupling coefficient 
Kp of not less than 0.3, and a Curie temperature Tc of not less than 200*'C. 

17. A method of production of a piezoelectric ceramic composition comprising shaping and sintering a powder com- 
prised of a piezoelectric ceramic composition of a general formula {Lix(Ki.yNay)<i.x}(Nbi.2,vif-TazSbw)03 where x, y, 
z, and w are in the ranges of 0<x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2. 

18. A method of production of a piezoelectric ceramic composition comprising mixing and sintering a compound con- 
taining lithium, a compound containing sodium, a compound containing potassium, a compound containing nio- 
bium, a compound containing tantalum: and a compound containing antimony so as to obtain a piezoelectric ce- 
ramic composition as set forth in any one of claims 1 to 16. 

19. A method of production of a piezoelectric ceramic composition as set forth in claim 18, wherein said compound 
containing lithium is LigCOg, said compound containing sodium is Na2C03, said compound containing potassium 
is K2CO3, said compound containing niobium is NbgOg. said compound containing tantalum is TagOg. and said 
compound containing antimony is Sb205 or Sb203. 

20. A piezoelectric element having a piezoelectric body cornprised of a piezoelectric ceramic composition produced 
by a method of production of any of claims 1 to 1 6. 

21. A dielectric element having a dielectric body comprised of a piezoelectric ceramic composition produced by a 
25 method of production of any of claims 1 to 1 6. 

22. A piezoelectric ceramic composition having a compound of a general fomniula {Lix(Ki.yNay)i.x}(Nbi.2.^^Ta2Sb^)03 
where x, y, z, and w are in the ranges of 0^<0.2, 0^y<1 , 0<z<0.4, and 0<w<0.2 as a main ingredient, wherein 

said piezoelectric ceramic composition contains at least one metal element selected from palladium, silver, 
30 gold, ruthenium, rhodium, riienium, osmium, iridium, and platinum as an added element, and 

a total of the contenis of said added elements is 0.001 moltoO.ISmo! with respect to 1 mole of the compound 
of the above general tonnula. 

23. A piezoelectric ceramic composition as set forth in claim 22, wherein a piezoelectric constant of said plezoe- 
35 lectric ceramic composition Is larger than a piezoelectric d3^ constant of a piezoelectric ceramic composition of 

the above general fomnula not containing said added elements. 

24. A piezoelectric ceramic composition as setforth in claim 22 or 23, wherein an electromechanical coupling coefficient 
Kp of said piezoelectric ceramic composition is larger than an electromechanical coupling coefficient Kp of a pie- 

^ zoelectric ceramic composition of the above general formula not containing said added elements. 

25. A piezoelectric ceramic conriposition as setforth in any one of claims 22 to 24, wherein a piezoelectric g3^ constant 
of said piezoelectric ceramic composKlon is larger than a piezoelectric g^^ constant of a piezoelectric ceramic 
composition of the above general formula not containing said added elements. 

45 . 

26. A piezoelectric ceramic composition as set forth in any one of claims 22 to 25, wherein a relative dielectric constant 
of said piezoelectric ceramic composition is larger than a relative dielectric constant of a piezoelectric ceramic 
composition of the above general formula not containing said added elements. 

so 27. A piezoelectric ceramic composition as set forth in any one of claims 22 to 26, wherein a dielectric loss of said 
piezoelectric ceramic composition is smaller than a dielectric loss of a piezoetectric ceramic composition of the 
above general fomnula not containing said added elements. 

28. A piezoelectric ceramic composition as set forth in any one of claims 22 to 27, wherein a Curie temperature Tc of 
55 said piezoelectric ceramic composition is larger than a Curie temperature of a piezoelectric ceramic composition 

of the above general fomnula not containing said added elements. 

29. A piezoelectric ceramic composition as set forth in any one of claims 22 to 28, wherein said piezoelectric ceramic 
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composition has a piezoelectric CI31 constant of not less than 30 pnnA/. 

30. A piezoelectric ceramic composition as set forth in any one of claims 22 to 29, wherein said piezoelectric ceramic 
composition has an electromechanical coupling coefficient Kp of not less than 0.3. ' 

5 

31 . A piezoelectric ceramic composition as set forth in any one of claims 22 to 30, wherein said piezoelectric ceramic 
composition has a piezoelectric 93^ constant of not less than 7 x lO"^ Vnn/N. 

32. A piezoelectric ceramic composition as set forth in any one of claims 22 to 31 , wherein said piezoelectric ceramic 
10 composition has a relative dielectric constant of not less than 400. 

33. A piezoelectric ceramic composition as set forth in any one of claims 22 to 32, wherein said piezoelectric ceramic 
composition has a dielectric loss of not more than 0.09. 

15 34- A piezoelectric ceramic composition as set forth in any one of claims 22 to 33, wherein said piezoelectric ceramic 
composition has a Curie temperature Tc of not less than 200**C. 

35. A piezoelectric ceramic composition as set forth in any one of claims 22 to 28, wherein said piezoelectric ceramic 
- composition has a piezoelectric d^^ constant of not less than 30 pm/v and a Curie temperature Tc of not less than 
20 200**C. 



36. A piezoelectric ceramic composition as set forth in any one of claims 22 to 28, wherein said piezoelectric ceramic 
composition has a piezoelectric 93^ constant of not less than 7 x 1 0*3 Vm/N and a Curie temperature Tc of not less 
than200*'C. 

25 

37. A piezoelectric ceramic composition as set forth in any one of claims 22 to 28, wherein said piezoelectric ceramic 
composition has an electromechanical coupling coefficient Kp of not less than 0.3 and a Curie. temperature Tc of 
not less than 200*'C. 

30 38, A piezoelectric ceramic composition as set forth in any one of claims 22 to 28, wherejn said piezoelectric ceramic 
composition has a dielectric loss of not more than 0.09 and a Curie temperature Tc of not less than 200''C. 

39. A piezoelectric ceramic composition as set forth in any one of claims 22 to 28, wherein said piezoelectric ceramic 
composition has a piezoelectric d^-^ constant of not less than 30 pmA/. an electromechanical coupling coefficient 

35 Kp of not less than.0.3, and a Curie temperature Tc of not less than 20O'*C. 

40. A method of production of a piezoelectric ceramic composition comprising mixing and sintering a compound of a 
general formula {Lix(Ki.yNay)^.x}(Nbi.2.w"ra2Sbw)03 where x, y, z, and w are in the ranges of 0<x<0.2, 0<y<1, 
0<z<0.4, and 0<w^0.2 and an additive including at least one metal element selected from palladium, silver, gold, 
ruthenium, rhodium, rhenium, osmium, iridium, and platinum. 

41. A method of production of a piezoelectric ceramic composition comprising mixing a compound containing lithium, 
a compound containing sodium, a compound containing potassium, a compound containing niobium, a compound 
containing tantalum, and a compound containing antimony by a stoichiometric ratio giving, after sintering, a com- 

45 pound of a general fomnula {Lix(Ki.yNay)i. ^(Nbi.j.^Ta^Sb JO3 where x, y, z. and w are in the ranges of 0<x<0.2, 

0<y<1. 0<z<0.4, and 0<w<0.2 or a stoichiometric ratio considering substitution by a metal element contained in 
the following additive, mixing an additive containing at least one metal element selected from palladium, silver, 
gold, ruthenium, rhodium, rhenium, osmium, iridium, and platinum, and sintering the result. 

50 42. A method of production of a piezoelectric ceramic composition as set forth in claim 41 , wherein said compound 
containing lithium is Li2C03, said compound containing sodium is Na2C03, said compound containing potassium 
is K2CO3, said compourid containing niobium is NbgOg, said compound containing tantalum is Ta205, and said 
compound containing antimony is SbgOg or Sb203 and said additive is at least one additive selected from Pd02, 
AgaO, Au, AugO, RU2O, RhO, Re2P5, OsOg, IrOg, and PtOg. 

55 

43. A piezoelectric element having a piezoelectric body comprised of a piezoelectric ceramic composition produced 
by a method of production of any of claims 22 to 39. 
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44. A piezoelectric element having a piezoelectric body comprised of a piezoelectric ceramic composition produced 
by a method of production of any of claims 40 to 42. . 

45. A dielectric element having a dielectric body comprised of a piezoelectric ceramic composition produced by a 
method of production of any of claims 22 to 39. 

46. A dieleclric element having a dielectric body comprised of a piezoelectric ceramic composition produced by a 
method of production of any of claims 40 to 42. 

47. A piezoelectric ceramic composition having a compound of a general formula {Llx{K^.yNay)i.x}(Nt>i-z-w"^'^z^^w)03 
where x, y, z, and w are in the ranges of 0<x<0,2, 0<y<1 , 0<z<0.4, and 0<w<0.2 as a main ingredient, wherein 

said piezoelectric ceramic composition contains at least one metal element selected from nickel, iron, man- 
ganese, oopper, and zinc as an added element, and 

a total of the contents of said added elernents is 0.001 mo( to 0.08 mol with respect to 1 mole of the compound 
of the above general formula. 

48. A piezoelectric ceramic composition as set forth in claim 47, wherein a piezoelectric d3^ constant of said piezoe- 
lectric ceramic composition is larger than a piezoelectric 6^^ constant of a piezoelectric ceramic composition of 
the above general fonnula not containing said added elements. ... 

49.. A piezoelectric ceramic composition as set forth in claim 47 or 48, wherein an electromechanical coupling coefficient 
Kp of said piezoelectric ceramic composition is larger than an electromechanical coupling coefficient Kp of a pie- 
zoelectric ceramic composition of the above general formula not containing said added elements. 

50. A piezoelectric ceramic composition as set forth in any one of claims 47 to 49. wherein a piezoelectric g^^ constant 
of said piezoelectric ceramic composition is larger than a piezoelectric g^^ constant of a piezoelectric ceramic 
composition of the above general fonnula not containing said added elements. 

51 . A piezoelectric coramic composition as set forth in any one of claims 47 to 50, wherein a mechanical quality factor 
Qm of said piezoelectric ceramic composition is larger than a mechanical quality factor Qm of a piezoelectric 
cerarhic composition of the above general formula not containing said added elements. 

52. A piezoelectric ceramic composition as set forth in any one of claims 47 to 51 , wherein a relative dielectric constant 
of said piezoelectric ceramic composition is larger than a relative dielectric constant of a piezoelectric ceramic 
composition of the above general fonnula not containing said added elements. 

53. A piezoelectric ceramic composition as set forth in any one of claims 47 to 52, wherein a dielectric loss of said 
piezoelectric ceramic composition is smaller than a dielectric loss of a piezoelectric ceramic composition of the 
above general formula not containing said added elements. 

54. A piezoelectric ceramic composition as set forth in any one of claims 47 to 53, wherein a Curie temperature To of 
said piezoelectric ceramic composition is larger than a Curie temperature of a piezoelectric ceramic composition 
of the above general formula not containing said added elements. 

55. A piezoelectric ceramic composition as set forth in any one of claims 47 to 54, wherein said piezoelectric ceramic 
composition has a piezoelectric 6^^ constant of not less than 30 pmA/. 

56. A piezoelectric ceramic composition as set forth in any one of claims 47 to 55, wherein said piezoelectric ceramic 
composition has an electromechanical coupling coefficient Kp of not less than 0.3. 

57. A piezoelectric ceramic composition as set forth in any one of claims 47 to 56, wherein said piezoelectric ceramic 
composition has a piezoelectric g^-i constant of not less than 7 x 1 0"^ Vm/N. 

58. A piezoelectric ceramic composition as set forth in any one of claims 47 to 57, wherein said piezoelectric ceramic 
composition has a mechanical quality factor Qm of not less than 50. 

59. A piezoelectric ceramic composition as set forth in any one of claims 47 to 58, wherein said piezoelectric ceramic 
composition has a relative dielectric constant of not less than 400. 
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60. A piezoelectric ceramic composition as set forth in any one of claims 47 to 59, wherein said piezoelectric ceramic 
composition has a dielectric loss of not more than 0.09. 

61 . A piezoelectric ceramic composition as set forth in any one of claims 47 to 60, wherein said piezoelectric ceramic 
composition has a Curie temperature Tc of not less than 200"C. 

62. A piezoelectric ceramic composition as set forth in any one of claims 47 to 54, wherein said piezoelectric ceramic 
composition has a piezoelectric d^-^ constant of not less than 30 pnW and a Curie temperature Tc of not less than 
200°C. 

63. A piezoelectric ceramic composition as set forth In any one of claims 47 to 54, wherein said piezoelectric ceramic 
composition has a piezoelectric gg., constant of not less than 7 x 1 0*3 Vnn/N and a Curie temperature Tc of not less 
than 200*»C, 

64. A piezoelectric ceramic composition as set forth in any one of claims 47 to 54, wherein said piezoelectric ceramic 
composition has an electromechanical coupling coefficient Kp of not less than 0.3 and a Curie temperature Tc of. 
not less than 200*" C. 

65. A piezoelectric ceramic composition as set forth in any one of claims 47 to 54, wherein said piezoelectric ceramic 
. composition has a.mechanical quality factor.Qm of not less than 50 and a Curie temperature Tc of not less than 

200*'C. 

66. A piezoelectric ceramic composition as set forth in any one of claims 47 to 54, wherein said piezoelectric ceramic 
composition has a dielectric loss of not more than 0.09 and a Curie temperature Tc of not less than 200''C. 

67. A piezoelectric ceramic composition as set forth In any one of claims 47.to 54, wherein said piezoelectric ceramic 
composition has a piezoelectric dg^ constant of not less than 30 pmA/, an electromechanical coupling coefficient 
Kp of not less than 0.3, and a Curie temperature Tc of not less than 200°C. 

68. A method of production of a piezoelectric ceramic composition comprising mixing and sintering a compound of a 
general fomriula {L}x(Ki.yNay)i.x}(Nbi.2.^Ta2SbJ03 where x, y, z, and w are in the ranges of 0<x<0.2, 0<y<1 , 
0<z<0.4, and q<w<0..2 and an additive including at least one metal element selected from nicl<el, iron, magnesium, 
copper, and zinc. 

69. A method of production of a piezoelectric ceramic composition comprising mixing a compound containing lithium, 
a compound containing sodium, a compound containing potassium, a compound containing niobium, a compound 
containing tantalum, and a compound containing antimony by a stoichiometric ratio giving, after sintering, a com- 
pound of a general formula {Lix(K^.yNay)i.x}(Nb-,.2.wTa2SbJ03 where x, y. z, and w are in the ranges of 0<x<0.2, 
0<y<1, 0<z<0.4, and 0<w^.2 or a stoichionrietric ratio considering substitution by a metal element contained in 
the following additive, mixing an additive containing at least one metal element selected from nickel, iron, magne- 
sium, copper, and zinc, and sintering the result. 

70. A method of production of a piezoelectric ceramic composition as set forth in claim 69, wherein said compound 
containing lithium is Li2C03. said compound containing sodium Is Na2C03, said compound containing potassium 
is KgCOg, said compound containing niobium is NbaOg, said compound containing tantalum is TagOg, and said 
compound containing antimony is Sb205 or SbgOg and said additive is at least one additive selected from NIo, 

Fe203, MngOg. CugO, MnO, CuO, and ZnO. 

71 . A piezoelectric element having a piezoelectric body comprised of a piezoelectric ceramic composition produced 
by a method of production of any of claims 47 to 69. 

72. A piezoelectric element having a piezoelectric body comprised of a piezoelectric ceramic composition produced 
by a method of production of any of claims 68 to 70. 

73. A dielectric element having a dielectric body comprised of a piezoelectric ceramic composition produced by a 
method of production of any of claims 47 to 69. 

74. A dielectric element having a dielectric body comprised of a piezoelectric ceramic composition produced by a 
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method of production of any of claims 68 to 70. 

75. A piezoelectric ceramic composition having a compound of a general formula {Lix(K^.yNay)^.j(}(Nt>i-z-wT8izSbw)03 
where x. y, z, and w are in the ranges of 0<x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2 as a main ingredient, wherein 

5 said piezoelectric ceramic composition contains at least one metal element selected from silver, aluminum, 

gold, boron, barium, bismuth, calcium, cerium, cobalt, cesium, copper, dysprosium, erbium, europium, iron, gallium, 
gadolinium,, germanium, hafnium, hoimium, indium, iridium, lanthanum, lutetium, magnesium, manganese, neo- 
dymium, nickel, palladium, praseodymium, platinum; rubidium^ rhenium, ruthenium, scandium, silicon, samarium, 
tin. strontium, terbium, titanium, thulium, vanadium, yttrium, ytterbium, zinc, and zirconium, 

10 atotalof the contents of said added elements is 0.0005 mol to 0.15 mol with respect to 1 niole of the compound 

of the above general formula, and ' 

an open porosity is not more than 0.4 vol%. 

76. A piezoelectric ceramic composition as set forth in ciaim 75, wherein an apparent density of said piezoelectric 
15 cerarnic composition is larger than an apparent density of a piezoelectric ceramic composition of the above general 

formula not containing said added elements. 

77. A piezoelectric ceramic composition as set forth in claim 75 or 76, wherein a porosity or open porosity of said 
piezoelectric ceramic composition is smaller than a porosity or open porosity of a piezoelectric ceramic composition 

20. of the above genera! formula not containing Mid added elements. . . 

78. A method of production of a piezoelectric ceramic composition comprising mixing and sintering a compound of a 
general fonnula {Lix(Ki.yNay)i.J(Nbi.2. w'razSb^^)03 where x, y, z. and w are in the ranges of 0<x<0.2, .0<y<1 , 
0<z<0.4, and 0<w<0.2 and an additive including at least one metal element selected from silver, aluminum, gold, 

25 boron, barium, bismuth, calcium, cerium, cobalt, cesium, copper, dysprosium, erbium, europium, iron, gallium, 

gadolinium, germanium, hafnium, hoimium, indium, iridium, lanthanum, lutetium, magnesium, manganese, neo- 
dymium, nickel, palladium, praseodymium, platinum, rubidium, rhenium, ruthenium, scandium, silicon, samarium, 
tin, strontium, terbium, titanium, thulium, vanadium, yttrium, ytterisium, zinc, and zirconium. 

30 79. A method of production of a piezoelectric ceramic compositioacornprising mixing a compound containing lithium, 
a compound containing sodium, a compound containing potassium, a compound containing niobium, a compound 
containing tantalum, and a compound containing antimony by a stoichiometric ratio giving, after sintering, a com- 
pound of a general formula {Lix(Kl.yNay)l.J(Nb.|.2-wTa2Sb^^)03 where x, y, z, and w are in the ranges of 0<x<0.2, 
0<y<1 , 0<z<0.4, and 0<w<0.2 or a stoichiometric ratio considering substitution by a metal element contained in 

35 the following additive, mixing an additive containing at least one metal element selected from silver, aluminum, 

gold, boron, barium, bismuth, calcium, cerium, cobalt, cesium, copper, dysprosium, erbium, europium, iron, gallium, 
gadolinium, germanium, hafnium, hoimium, indium, iridium, lanthanum, lutetium, magnesium, manganese, neo- 
dymium, nicket, palladium, praseodymium, platinum, rubidium, rhenium, ruthenium, scandium, silicon, samarium, 
tin. strontium, terbium, titanium, thulium, vanadium, yttrium, ytteri^ium, zinc, and zirconium, and sintering the result. 

40 . 

80.. A method of production of a piezoelectric ceramic composition as set forth in claim 79, wherein said compound 
containing lithium is LigCOg, said compound containing sodium is NagCOg, said compound containing potassium 
is K2CO3, said compound containing niobium is Nb205, said compound containing tantalum is Ta205, and said 
compound containing antimony is SbgOs or Sb203 and said additive is at least one additive selected from AggO, 
45 AI2O3, Au, AugOg, B2O3, H3BO3, BaO, BaOg, BaCOa, BigOg, CaO, CaCOa, Ce02, 062(^03)3' ^oO, C03O4, 

C0CO3, CS2CO3, CuO, CU2O, DygOa, Er203. EU2O3, FegOg, Ga203, Gd203. GeOg, Hf02, H02O3, In203. Ir02, 
IraOa, LaaOs. LU2O3, MgO. MgC204, MnO, MnOa, Ut\^0>^, MngO^, NdgOg. NdgCOg, NiO. NiCOg, PdO, PrgOg, 
PreO^i. Pr2(C03)3. PtOa. Rb20, RbgCOg, ReaOy, RuOg. SC2O3, SiOg. SiO. SIC, SmgOa. SnO. SnOg. SrO, SrCOa, 
Tb407, TIO, TiaOg. Ti02, TrngOg, V2O3, VgO^, VgOg, Y2O3, ¥2(003)3, YbaOs, ZnO. and Zr02. 

30 

81. A piezoelectric element having a piezoelectric body comprised of a piezoelectric ceramic composition produced 
by a method of production of any of claims 75 to 77. 

82. A piezoelectric element having a piezoelectric body comprised of a piezoelectric ceramic composition produced 
55 by a method of production of any of claims 78 to 80. 

. 83. A dielectric element having a dielectric body comprised of a piezoelectric ceramic composition produced by a 
method of production of any of claims 75 to 77. 
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84, A dielectric element having a dielectric body comprised of a piezoelectric ceramic composition produced by a 
method of production of any of claims 78 to 80. 

A piezoelectric ceramic composition having a compound of a general formula {l-ix(Ki.yNay)i.x}(Nbi.2,^^Ta2Sb^)03 
where x, y, z, and w are in the ranges of.0<x<0.2, 0<y<1., 0<z<0.4, and 0<w<0.2 as a main ingredient, wherein 

said piezoelectric ceramic composition contains at least one metal element selected from magnesium, cal- 
cium, strontium, and barium as an added element, and 

atotalof the contents of said added elements is 0.0001 mol to O.IOmol with respect to 1 mole of the compound 
of the above general formula. 

86. A piezoelectric ceramic composition as set forth in claim 85, wherein said added elements are included substituting 
at least part of the lithium, potassiunri, and sodium of said compound of said general formula. 

A piezoelectric ceramic composition having a compound of a general formula {Lix{Ki.yNay)i.x)(Nb-,.2.y^Ta2Sb^ 
where x, y, z, and w are in the ranges of 0<x<0.2, 0<y<1, 0<z<0.4, and 0<w<0.2 as a main ingredient, wherein 
isaid piezoelectric ceramic composition contains at least one metal elernent selected from silicon, indium, and 
scandium as an added element, and 

a total of the contents of said added elements is not more than 0.08 mol with respect to 1 mole of the com- 
pound of the above general formula, 

A piezoelectric ceramic composition as set forth in claim 87, wherein a total of the contents of said added elements 
is 0.0001 mol to 0.08 mol with respect to 1 mole of the compound of the above general fomiula. 

A piezoelectric ceramic composition having a compound of a general formula {Lix(Ki.yNay)i.J(Nb^.2-wTazSbw)03 
where x, y, z, and w are in the ranges of 0<x^0.2, 0<y<1 . 0<z<0.4, and 0<w<0.2 as a main Ingredient, wherein 
said piezoelectric ceramic composition contains bismuth as an added element, and 

a content of said added element is 0.0001 mol to O.004 mol with respect to 1 mole of the compound of the 
above general formula. 

90- A piezoelectric ceramic composition as set forth in any one of claims 85 to 89, wherein a piezoelectric 6^^ constant 
of said piezoelectric ceramic composition is larger than a piezoelectric dg^ constant of a piezoelectric ceramic 
composition of the above general fomnula not containing said added elements. 

91, A piezoelectric ceramic composition as set forth in any one of claims 85 to 90, wherein an elect ronriechan leal 
coupling coefficient Kp of said piezoelectric ceramic composition is larger than an electromechanical coupling 
coefficient Kp of a piezoelectric ceramic composition of the above general formula not containing said added ele- 
ments. 

92. A piezoelectric ceramic composition as set forth in any one of claims 85 to 91 , wherein a piezoelectric g3^ constant 
of said piezoelectric ceramic composition is larger than a piezoelectric g^^ constant of a piezoelectric cerarhic 
composition of the above general formula not containing said added elements. 

A piezoelectric ceramic composition as set forth in any one of claims 85 to 92, wherein a mechanical quality factor 
Qm of said piezoelectric ceramic composition is larger than a mechanical quality factor. Qm of a piezoelectric 
ceramic composition of the above general formula not containing said added elernents. 

94. A piezoelectric ceramic composition as set forth in any one of claims 85 to 93, wherein a relative dielectric constant 
of said piezoelectric ceramic composition is larger than a relative dielectric constant of a piezoelectric ceramic 
composition of the above general formula not containing said added elements. 

50 

95. A piezoelectric ceramic composition as set forth in any one of claims 85 to 94, wherein a dielectric loss of said 
piezoelectric ceramic composition is smaller than a dielectric loss of a piezoelectric ceramic composition of the 
above general fomiula not containing said added elements. 

55 96. A piezoelectric ceramic composition as set forth in any one of claims 85 to 95, wherein a Curie temperature Tc of 
said, piezoelectric ceramic composition is larger than a Curie temperature of a piezoelectric ceramic composition 
of the above general fonmula not containing said added elements. 
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97. A piezoelectric ceramic composition as set forth In any one of claims 85 to 96, wherein said piezoelectric ceramic 
composition has a piezoelectric 6^^ constant of not less than 30 pm/v. 

98. A piezoelectric ceramic composition as set forth in any one of claims 85 to 97, wherein said piezoelectric ceramic 
composition has an electromechanicat coupling coefficient Kp of not less than 0.3. 

99. A piezoelectric ceramicTGomposltlon as set forth in any one of claims 85 to 98, wherein said piezoelectric ceramic 
composition has a pfezoefectric 93^ constant of not less than 7 x 10-^ Vm/N. 

100. A piezoelectric ceramic composition as set forth in any one of claims 85 to 99, wherein said piezoelectric ceramic 
composition has a mechanical quality factor Qm of not less than 50. 

101 .A piezoelectric ceramic cornposition as set forth in anyone of claims 85 to ,1 00, wherein said piezoelectric ceramic 
composition has a relative dielectric constant of not less than 400. 

102. A piezoelectric ceramic composition as set forth in any one of claims 85 to 1 01 , wherein said piezoelectric ceramic 
composition has a dielectric loss of not more than 0.09. 

103. A piezoelectric ceramic composition as set forth In any one of claims 85 to 1 02, wherein said piezoelectric ceramic 
. composition has a Curie tennperature Tc of .not less than 200*»C. 

104. A piezoelectric ceramic composition as set forth in any one of claims 85 to 96, wherein said, piezoelectric ceramic 
composition has a piezoelectric d^-i constant of not less than 30 pnW and a Curie temperature Tc of not less than 
2dO'^C. 

105. A piezoelectric ceramic composition as set forth in any one of claims 85 to 96, wherein said piezoelectric ceramic 
composition has a piezoelectrk: 93^ constant of not less than 7 x 1 0-^ Vm/N and a Curie temperature Tc of not less 
than200**C. 

106. A piezoelectric ceramic composition as set forth in any one of claims 85 to 96, wherein said piezoelectric ceramic 
composition has an electromechanica! coupling coefficient Kp of not less than 0.3 and a Curie temperature Tc of 
not less than 200°C. 

107. A piezoelectric ceramic composition as set forth in any one of claims 85 to 96, wherein said piezoelectric ceramic 
composition has a mechanical quality factor Qm of not less than 50 and a Curie temperature Tc of not less than 
200*»C. 

108. A piezoelectric ceramic composition as set forth in any one of claims 85 to 96, wherein said piezoeledtric ceramic 
composition has a dielectric loss of not more than 0.09 and a Curie temperature TC of not less than 200®C. 

109. A piezoelectric ceramic composition as set forth in any one of claims 85 to 96, wherein said piezoelectric ceramic 
composition has a piezoelectric dg., constant of not less than 30 pmA/, an electromechanical coupling coefficient 
Kp of not less than 0.3, and a Curie temperature Tc of not less than 200''C. 

110. A method of production of a piezoelectric ceramic composition comprising mixing and sintering a compound of a 
general fomnula {Llx(Ki.yNay).,.J(Nbi.2^Ta2SbJ03 where x, y, z. and w are in the ranges of 0<x<0.2, 0<y<1. 
0<z<0.4, and 0<w<0.2 and an additive Including at least one metal element selected from magnesium, calcium, 
strontium, and barium. 

111. A method of production of a piezoelectric ceramic composition comprising mixing and sintering a compound of a 
general formula {Lix(Ki.yNay)^.J (Nbi.2.yyTa2Sbw)03 where x, y, z, and w are in the ranges of 0<x<0.2, 0<y<1, 
0<2<0.4, and 0<w<0.2 and an additive including at least one metal element selected from silicon, indium, and 
scandium. 

112. A method of production of a piezoelectric ceramic composition comprising mixing and sintering a compound of a 
general formula {Lix(Ki.yNay)i.J(Nbi.2.wTazSb^)03 where x, y, z, and w are in the ranges of 0Sx<0.2, 0^y<1, 
0<z<0.4, and 0<w<0.2 and an additive including bismuth. 
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113. A method of production of a piezoelectric ceramic composition comprising preparing a compound containing lith- 
ium, a compound containing sodium, a compound containing potassiunh, a compound containing niobium, a com- 
pound containing tantalum, and a compound containing antimony by a stoichiometric ratio giving, after sintering, 
a compound of a general formula {Lix(K^.yNay)^.j^}(Nbi.2.vyTa2Sb^)03 where x, y, z, and w are in the ranges of 

s 0<x<0.2, 0<y<1 , 0<zs0.4, and 0<w<0.2 or a stoichiometric ratio considering substitution by a metal element con- 

tained in the following additive, mixing an additive containing at least one metal element selected from magnesium, 
calcium, strontium, and barium, and sintering the result. 

114. A method of production of a piezoelectric ceramic composition as set forth in claim 113, wherein said compound 
10 containing lithium is Li2C03, said compound containing sodium is Na2C03, said compound containing potassium 

is K2CO3, said compound containing niobium is NbgOg, said compound containing tantalum is TagOg, and said 
compound containing antimony is SbgOg or Sb203 and said additive is at least one additive selected from MgO, 
.MgCS, CaO, CaCOg, SrO, SrCOg, BaO, and BaCOg 

15 115.A method of production of a piezoelectric ceramic composition comprising preparing a compound containing lith- 
ium, a compound containing sodium, a compound containing potassium, a compound containing niobium, a com- 
pound containing tantalum, and a compound containing antimony by a stoichiometric ratio giving, after sintering, 
a compound of a general fonnula {Li^CK^.yNay)^ J(Nbi.2.^Ta2SbJ03 where x. y; z, and w are in the ranges of 
0<x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2 or a stoichiometric ratio considering substitution by a metal element con- 

20 t'ained in the following additlye, mixing an additive containing at least one metal element selected from. strontium, 

indium, and scandium, and sintering the result. 

11 6. A method of production of a piezoelectric ceramic composition as set forth in claim 115, wherein said compound 
containing lithium is LigCOg, said compound containing sodium is NagCOg, said compound containing potassium 

25 Is K2CO3, said compound containing niobium is NbgOs, said compound containing tantalum is Ta20s, and said 

compounctcontaining antimony is SbgOg or SbgOg and said additive is at least one additive selected from Si02, 
IngOs, and SCgbs- 

117. A method of production o.f a piezoelectric ceramic composition comprising preparing a compound containing lith- 
30 ium, a compound containing sodium, a compound containing potassium, a compound containing niobium, a com- 
pound containing tantalum, and a compound containing' antimony by a stoichiometric ratio giving, after sintering, 
a compound of a general fomiula {Ux(Ki.yNay)i.x}(Nbi.2_^Ta2Sb^)03 where x, y, z. and w are in the ranges of 
0<x<0.2, 0<y<1 , 0<z<0.4, and 0<w<0.2 or a stoichiometric ratio considering substitution by bismuth atoms con- 
tained in the following additive, mixing an additive containing bismuth, and sintering the result. 

35 ■ . 

118;A method of production of a piezoelectric ceramic composition as set forth in claim 117, wherein said compound 
containing llthiurh is Li2C03, said compound containing sodium is Na2C03, said compound containing potassium 
is K2CO3, said compound containing niobium is NbgOg, said compound containing tantalum is Ta205, and said 
compound containing antimony is Sb205 or Sb203 and said additive is 61203. 

40 

119. A piezoelectric element having a piezoelectric body comprised of a piezoelectric ceramic composition produced 
by a method of production of any of claims 85 to 1 09. 

120. A piezoelectric element having a piezoelectric body comprised of a piezoelectric ceramic composition produced 
^5 by a method of production of any of claims 1 1 0 to 1 1 8. - 

121 .A dielectric element having a dielectric body comprised of a piezoelectric ceramic composition produced by a 
method of production of any of claims 85 to 1 09. 

50 122.A dielectric element having a dielectric body comprised of a piezoelectric ceramic composition produced by a 
method of production of any of claims 11 0 to 1 1 8. 
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